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(iv) 
In view of the Industrial importance of the suiphoxidation process it 
was decided to attempt to obtain some quantitative data on the formation 
and reactions of sulphur containing free dicals. The addition reaction 
between a hydrocarbon free radical and sulphur dioxide, giving a hydro- 
carbonsuiphonyl radical, seemed to be basic to the suiphoxidation process :. 
R + S02 	 )r 
Accordingly, It was decided to investigate the formation and subsequent 
behaviour of some alkylsuiphonyl radicals, and to compare and contrast 
the above reaction with other addition reactions undergone by alkyl radicals, 
notably that with oxygen. 
(v) 
INTRODUCTION. 
1. REACTIONS OF ALKYL FREE RADICALS IN THE GAS PHASE 
A free radical may be defined as a chemically unsaturated molecular 
species containing an unpaired electron. All free radicals will therefore 
exhibit paramagnetism. Such a definition also embraces such atoms as 
hydrogen and the halogens • which may justifiably be regarded as free 
radicals in their chemical behaviour and physical characteristics. For the 
purposes of the classification below, however, the reactions of alkyl radicals 
only will be considered. 
The earliest demonstration of the existence of short-lived alkyl free 
radicals in the gas phase was performed by Paneth and Hofeditz in their 
'metal-mirror' experiment.' . A substance such as lead tetra-ethyl 
Pb(C 2H5 )4 , was pyrolysed in a flow apparatus, and a film of metaULc 
lead was found to appear inside the flow tube in the section being heated, 
giving it the appearance of a mirror. If the point of heating was then moved 
upstream, a fresh mirror was formed at the new point, and the first mirror 
was slowly removed. Clearly the lead tetra-athyl had undergone a reversible 
decomposition into metallic lead and ethyl radicals:- 
Pb(C2H5 )4 	 Pb + 4 C2 H5 
(i) The Combination of Alkyl Radical. 
Two alkyl free radicals may combine together to give a stable, 
I 
2 
saturated hydrocarbon. For example • two methyl radicals may combine 
together to give ethane:- 
CH 3 + CH. - ) CH 
2.6 
If two similar radicals • R, combine to give their dlmer, then it is possible 
to derive an expression relating the radical concentration, (R), to the rate 
of formation of the dimer. RRZD  and to the rate constant for the reaction, k :- 
2R— 	 (1) 
Therefore: -  
(R) = (RRzIkl)1 	
(A) 
In chemical kinetics, it is often important to know the stationary state 
concentrations of intermediate radical species, and hence expression (A) is 
extremely useful, once the absolute value for the rate constant 1i 1 has been 
determined. 
The combination rate constant has been measured for a few alkyl radicals, 
ualng the rotating sector technique 4. This involves the photolysis of a sub-
stance by a beam of actinometric light. The beam is chopped by a rotating 
uiutter from which sectors have been cut to as to allow the passage of light 
for a known fraction of each rotation. The shutter Is usually rotated at a 
speed such that the times of illumination and darkness are comparable to the 
life-times of the free radicals formed by the illumination. 
In order to obtain meaningful results, this method may only be applied 
3 
to a system for which a constant and known number of radicals are formed for 
each quantum of light absorbed. In addition, at least 9556 of the radicals 
formed must be removed by some process, such as a combination reaction, 
involving the elimination of more than one radical. Hence the radical 
concentration must depend on a power of the light intensity which Is lass than 
unity under steady illumination. Another requirement is that a measurable 
product must be formed by a reaction in which the rate depends on the first 
power of the radical concentration. 
The photolysis of acetone fulfills the necessary conditions for rotating 
sector experiments, and has been studied in this way by Gomer and 
Kietiakowsky5 	 p and by Sh.p 6 . 
CH  COCH3 + hv 
CH  + CH  
CH  + CH COCH3 
The relevant reactions in the system are:- 
) 




2 H 6 
	 (3) 
) CH  + 	
2 COCH3 	(4) 
where ethane formation accounts for more than 95% of the methyl radicals 
formed under appropriate conditions (125 °C and 50 mm. 11g. pressure). 
A relationship between the mean concentration of methyl radicals and the 
speed of rotation of the sector may then be deduced mathematically, and the 
results may be plotted in graphical form. It I. also known that the rate of 
production of methane will be proportional to the methyl radical concentration, 
for a constant concentration of acetone. Hence the rate of methane formation 
is plotted against the log of the duration of the light flashes, and the resulting 
curve is moved along the x axis until it coincides with the curve calculated as 
4 
described. The mean life-time of the radicals is then related to the distance 
that the experimental curve had to be moved. The stationary state concentration 
may then be calculated from the mean life-time. 
Values ofl3.6 5 and 13.34 6 (both jnmol ' 
	 -1 
e • cm. sec ) were obtained 
for log k3 . This rate constant has also been measured, and the above results 
confirmed, by observations with a mass spectrometer at low pressures 7 and 
by observation of the pressure change occuring as the result of an adiabatic 
temperature change when a reaction 1s initiated by light 8. A value of 13. 36 
has been obtained for the log of the rate constant for the combination of tn-
fluorornethyl radicals 9. For higher alkyl radicals, the log of the rate constant 
-1 	3 	-1 is usually taken as being 14. 0(moles . cm. sec ), and the activation energies 
in all cases are regarded as being zero within experimental error. 
The combination of methyl radicals has been shown to be pressure 
dependent under extreme condItions 10 The rate constant at 0. 3 mm. Hg 
pressure was found to be one tenth of its value at 100 mm.Hg. A similar, 
though less marked, effect has been observed in the combination of ethyl 
radicals. 
Alkyl radicals can also undergo cross-combination reactions. For example, 




2R2 —+R2 -R2 	 (6) 
R 1 +R2 —*R 1 -R2 	 (7) 
We would then expect, by simple collision theory, to find that:- 
k7 /5k6) 	* 	 I 	• R 	 2 	(B) 
This relation has been found to be applicable to a large number of systems, 
and a number of the values obtained have been tabulated by Kerr and Trotman-
Dickeneon 12 
The large A factors found in the decomposition of alkanee, about 10 17 
sec4  for the symmetrical decomposition of ethane, for example, suggest that 
13 
the activated complex must be capable of free rotation in three dimensions . 
The low A factor of about 
lO11  found for the decomposition of ethyl benzene 
into methyl and bensyl radicals 14 suggests that there is no free rotation in this 
case. The various suggestions as to the nature of the activated complex will 
be discussed more fully below in the section dealing with disproportlonation of 
alkyl radical.. 
(ii) The Disproportionation of Alkyl Radicals 
Two alkyl radicals may undergo disproportionation as an alternative to 
combination, in all cases except that in which both are methyl radicals. Ethyl 
radicals, for example, may combine to give butane, or disproportionate to 
etK*ne and ethylene:- 
2 C 2 H 5 	)C 4 H 
	 (8) 
2 C 2 H  5 - 	-> C 2 H  6 + C 2 H  4 	 (9) 
The relative rates of the dii :oportionation and combination reactions for two 
alkyl radicals B. 1 and B.2 , are usually represented by the .ymbolR 1 B.2), 
which is equivalent in this case to the ratio k 9/k3. Where R 1 and R2 are 
different alkyl radicals, that is. where two possible cross-disproportiona-
tions exist then it is the removal of hydrogen by R 1 from R2 which is being 
referred to:- 
R i + R2 - (R 1 + H) + (B.2 - H) 
Many disproportlonation-combination ratios have been measured experi-
mentally by measuring the rates of formation of the aUcane or alkene and of the 
dimer. Some of the values obtained have been tabulated in Tables I and 2. The 
temperature coefficients have been found to be zero within experimental error. 
Table I. 
Dis proportionation- Combination Ratios (A) for Alkyl Radicals. 
Radical 	 Refers we 
C 
2 H 5 0.14 15 
n- 	C 3 R7 0.16 16 
I - C 
3 H 
 7 0.64 17 
n - C 
4 H 
 9 0.94 18 
I 	- C 
4 
 H 0.17 19 
sec -C4 H9 2.3 20 




Cross -Disproport1onationCombjnatjn Ratios for Alkyl Radicals, 
Ratio Reference 
(CH 3I C2H5) 0.06 22, 23 
L,(CH 3 ,n-C 3H7 ) 0.05 24 
(cH 3 , i-c 3H7 ) 0.22 25 




A(CH 3 ,tert-C4H9) 0.70 25 
L(C2H5 ,sec-C3H7 ) 0.43 27, 	12 
L(Sec-c 3H7 , C2H5 ) 0.19 27, 12 
The mechanism of disproportionation Is not clearly understood. The 
apparent constancy of the disproportionation-combinatfon ratio over a range of 
pressures 
28 
 and the absence of a temperature coefficient for 	are difficult 
to explain. It has been shown by an investigation of the disproportionation of 
29, 30 
the CH 3CD2  radical, that all the alkene produced was CH  CD 	. A 
head-to-tail complex was therefore suggested. This would have the structure 
CH3CD2 --- H---CH 2  CD  and hence we would expect disproportionation pro-
ceases to have A factors comparable with those of abstraction reactions. 
However, considering the case of the reaction between methyl radicals and 
4 3 ethane, the A factor for abstraction is of the order 10 11  mole . cm • sec 
r  
 
whereas the A factor for the dieproportionation of methyl and ethyl radicals 
13 	 3 	' . io mole. cm. sec i 	 . This difference suggests that the dispropor- 
tionation complex 	be loosely bound and, as tae A lactor is comparable with 
that found for combination reactions, it is reasonable to suppose that the trans -
ition states for the two reactions are identical 31 . 
Kerr and Trotman-Dickenson '2 suggested a four-centre complex an an 
alternative to head-to-tail addition. In this case, the dlmer would be formed, 
with a normal A factor, and would then decompose by way of the four-centre 
structure: - 
CH2 --- H 
, 	 I. 
CD2---CD2 - CH  
Bradley 
31 
 supported this suggestion and calculated that, for an activated 
() 
butane molecule CH3-CH2 --- CH 2 - CU 3 , for which large bending motions are 
possible, a distortion of 20 In the tetrahedral angle would be sufficient to bring 
the n-hydrogen atoms closer to the second carbon atom than were the o4-hydrogen 
atoms. Hence transfer of the - hydrogen atom. s could occur in disproportion-
ation, and the production of GH 2CD2 in the disproportionation of CH 3CD2 
radicals is thus predicted by this mesKLn 4 sm. Further support was provided by 
Kraus and Calver °who pointed out that the din proportionation-combination 
ratio, for iso-butyl, sec-butyl and tert-butyl radicals were dependent upon the 
number of p-hydrogen atoms. Subsequent work on n-butyl radicals has 
18 supported this conclusion. The four radical species have, respectively, 
p 
ie prcr:. 	 c 	 portionation ofsee-butyl 
radicals may be calculated from this mechanism as 0.67 and has been found 
experimentally to be 0.6620. 
An alternative theory as to the nature of the d sproportlonation complex 
has been proposed by Benson 32. and Involves ionic Intermediates of the type:- 
i+i- 
CH3 ç:H - -C}i. 	CH3:H-9 - CH 
H 	H 	 H H 
Benson suett that a iur-centre eci'aniL is difficult tc env1a,e Zterically 
for tort-butyl radical., and that the high value obtained for L in this can* 20 a 
Is caused by the stiric repulsion of the methyl groups lowering the recomb&nation 
efficiency. The disproportlonatlon reaction would not be effected, as it would 
proceed through a different transition state. The value of L. for dyl radicals 
has been shown to be independent of preii.ure 28 , and to be o:L 	lilitly increased 
In solution. Benson suggs.ta that, by the four-centre mechanism, an Increase 
In pressure might be expected to increase the relative vat, of combination by 
increasing the coUlalonal deactivation of the transition state complex. 
Work on the pyrolysis of isotopically labelled mixtures of n-C
4H 10 and 
n-C4D10 has shown 33 that even in the presence of excess nitric oxide, when 
the products should be tho)iBe found in the initiation reactions, the Isotopic 
composition of the products w's the same as that for the uninhibited system. 
The tour-centre mechanism would suggest. however, that at the high pressure 
WOUQ decompo6e 
(iii) Abstraction by Alkyl Radicals (Transfer Reactions). 
Alkyl radicals may react by abstracting an atom from another molecule. 
The abstraction of hydrogen atoms by alkyl radicals has been widely Investi-
gat.d, and the general process may be depicted as 
R + XH—+RH + X 
	
(10) 
Rate constants for alkyl radical abstraction reactions are normally measured 
relative to the rates of combination of the alkyl radical, concerned. An 
appropriate rate expression may be deduced :- 
2R-R2 	 (1) 
1 
k(k) 	= P., 	(R
'R2 	(x) 	 (C) 
Except in the case of methyl radicals, a correction has to be applied to 
the observed rate of formation of RH, to allow for the formation of RH by dis-
propor'tionation. In the case where Xli is not the source of the alkyl radicals 
in the system, it will also be necessary to correct for the formation of RH by 
abstraction from the radical source. This necessitates the prior determina-
tion of the appropriate rate constants for a system containing only the radical 
source. 
Many rate constants for the abstraction reactions of methyl and higher 
alkyl radicals have been measured, and have been tabulated by Trotman-
DickenaonM. The methyl radical has been particularly widely investigated 
with a large number of different types of substrate. 
t o 	 OX iuoroaiicyi 
traction by trifluoromethyl radicals have been found in all cases to be 
out 2 kcal. mole lower than those for the corresponding methyl radical 
reactions 35. This would be expected because D(CF 3 - H) has been shown 36 
to be 106 kcal. mo1e, whereas D(CH 3 -H) is only 104 kcal. mole ". 
One difficulty in the evaluation of accurate rate constants and activation 
energies for hydrogen abstraction reactions is the occurence of the tunnelling 
effect. It has been shown by quantum mechanics that a particle approaching a 
potential energy barrier has a finite chance of passing through to the other 
aide, even if it does not possess sufficient energy to go over the top of the 
barrier 38 . This I. called tunnelling and the process only becomes significant 
when a particle of very low mass, such as a hydrogen atom, is involved. For 
a deuterium atom, the tunnelling effect is much less marked. 
Clearly. U tunnelling occurs to any extent In the course of an abstraction 
reaction, the experimentally determined activation energy will be lower than the 
actual height of the potential energy barrier involved. In order to correct for 
this, it Is necessary to predict the tunnelling probability as a function of the 
energy of the reacting species. This depends upon the choice of shape for the 
potential energy barrier. The truncated parabola proposed by Bell 39 has often 
been used. It is then necessary to sum the product of the probability for each 
energy times the number of systems possessing that energy. It is usually 
assumed that the reactants are present in a Boltzmann distribution of energies. 
E~J 11 	EL .. 
ctentiai energy harrier of about 10-20%. Correction of the results on this 
bails is difficult however, as it is necessary to calculate the frequencies of 
the bending modes in the transition complex, as well as to know the shape of 
the potential energy surface. Hence, each particular abstraction reaction has 
to be treated as a special case. 
(iv) The Addition Reaction. of Alkyl Radicals 
Alkyl radicals may add on to chemical species containing double bonds or 
Ion* pairs of electrons. For example, methyl radicals will add on to one end 
of the double bond In ethylene, giving the n- 1propyl radical:- 
CH3 + C 2H4 —)C 3H7 	 (11) 
The addition reactions of frest radicals with such unsaturated substrates are 
difficult to study, as both the reactants and the products are free radicals 
whose concentrations or rates of formation need to be measured. This was 
difficult to carry out accurately before the development of gas chromatography 
enabled the determination of dimers and large molecules to be made much more 
readily. Hence, early measurements of the rates of alkyl radical addition 
reactions were usually performed by the material balance method. The 
addition reactions of methyl radicals with azomethane45 and of ethyl radicals 
with a number of olefins 46 have been investigated in this way. 
If azornethane is photolysed alone, two methyl radicals are formed for 
every molecule of nitrogen. These methyl radicals may react by combination, 
13 
by abstraction from azomethne, or by addition to azoniethiie- 
CH3 NNCH3 + h\r-2 OH  + N2 	 (12) 
CH  + CH 3 -4C2 H6 	 (3) 
CH  + CH3NNcH3-4 CH  +2 NNCH 3 	
(13) 
H3 + CH3NNCH34 (CH 3)2 NNCH3 	 (14) 
CH  + (CH 
3) z
NNCH3 4CCH3)2  NN(CH3 ) 	 (15) 
Hence, if the amounts of nitrogen, methane and ethane produced are measured, 
the remaining methyl radicals must have reacted by addition. If it is assumed 
that reaction (14) 1s the rate determining step in the addition, the rate constant 
for the addition process k 14 may be calculated. 
Trotznan-Dickenson et al have measured the rates of addition to ethylene 47-50 
acetylene 
51  and ailene52  more directly, using aldehydes as photolytic sources of 
the alkyl radical.. In such systems, most of the addition product will react by 
abstraction of the aldehydic hydrogen atom. For example, in the case of addi- 
tion to ethylene:- 
RC 2 H 
 4 + R.CHO-9 TC 2H5 + R + CO 
The amount of RC 2H5  was then measured by gas chromatography, and 
corrections were made for the disproportionation and combination of the RC 2H4 
radical, which could be kept small by choosing appropriate radical concentrations. 
A number of experimentally determined Arrhenius parameters for the 
addition reactions of various alkyl radicals have been tabulated by Kerr and 
Trotman-Dickenson, who have pointed out the constancy observed In the 
values of the rate constants at 142 0C, in spite of the large variations In the 
types of substrate used. Some of the relevant data is summarised in Table 3. 
Table 3. 
The addition of Alkyl Radicals to Unsaturated Hydrocarbons, 
Radical Substrate 
0 
log k(142C) log A E Reference 
CH   C2H4 7.5 10.0 5.5 53 
C2 H5 of 7.4 11.0 6.9 12 
n-C3H7 of 7.5 10.9 6.5 16 
i-C3 H7 to 7.8 11.4 6.9 17 
n-C4H9 of 73 11.7 7.3 54 
t-C4 H9 if 7.5 11.2 7..1 21 





 7.3 11.1 7.2 51 
i-C 3H7 
it 7.6 11.2 6.9 51 
(A and kin mole-1 	3 .cm 	-1 sec ; E in kcal. mole ) 
Almost all the results quoted lie within experimental error of 7.5  mole'. 
cm3. sec t at 142°C. The individual Arrhenius parameters are not in such good 
agreement, probably because of experimental inaccuracy, but most of the values 
for log A and E He close to 11.0 and 7.0 respectively. 
The addition of alkyl radical, to nitric oxide. NO, has received some 
investigation. The reaction of methyl radicals with nitric oxide has been shown 
to be a third body reaction with a rate constant at 200 °C which was five times 
that for the reaction between methyl radicals and oxygen, when acetone was 
the third body. 
CH  + NC 	T, ,'- 	CH 3NO + M 	 (16) 
e 	O ra 	 tcn reac: Lv ::'-din Q1 3 r NC. The reactioi.i:- 
CH 3CO + NO -4 CH3CONO 
was suggested to account for the observed reduction in the yield of carbon 
monoxide as the pressure of NO was increased. 
The subsequent behaviour of the CH 3NO radical has also been shown to 
involve the addition of a further molecule of nitric oxide, followed by a chain 
reaction which may be represented by the nett process: - 
4N0+R-4N2 + 2 N + R 
for which the rni,tlrrium chain - length was 12. 
A number of e etimations of the rate constant of reaction (16) have been 
made, and are tabulated in Table 4. 
The Rate Constant for the Third Body Addition of Methyl Radicals to 
Nitric Oxide. 
Third Body 	 Temperature (°C) 	
k16 	
Reference 
Acetone 	 200 	3. 17 x 10 17 	 55 
CH  I 	 Room 1.1 x 	1xlO 19 	56 
((CH 3) 3 Co)2 	 Room 3.06 x 10 
is 	 57 
He 	 900 	1.01x10 18 
	
58 
He 	 950 	3.6 xlO' 7 	 59 
(k in moles 2. cm6. sec 
1 
 units). 
The addition reaction between methyl radicals and carbon monoxide has 
6162 
also been investigated ' . Azorn.than* was photoly-sed In a large excess of 
carbon monoxide 62 , and among the possible reactions in the system were:- 
-> 
-3 CH CO + M 	 (18) 
'() + CH, 	) CH  COCH3 	 (19) 
+ CH 	) C 2 !!6 	 (3) 
tc.t 	 e system enabled the evaluation of the ratio 
k17/(k3)* and this was found to be 81.3. e3 9/RT molek cm 3 . sac -
although it was pointed out that as this value of E 17  did not correspond to the 
limitTug presure required for therr 	err 	:l:Iation, abo.it 1 kcal. mole - 
should be added to the value obtaineo, j 	 5 c cal. inoie 1 . 
The addition reactions between alkyl radicals and oxygen and between 
alkyl radicals and sulphur dioxide will be discussed at some length below. 
(v) The IsorneriBation of Alkyl Radicals. 
Little work has been done on the isomerisation of alkyl radicals • but a 
recent investigation into the thtrarnolecula.r 1-4 hydrogen shift in the n-pentyl 
radical 63  has provided the first quantitative data. 
CH3-CR2 -CH2 -CH2 -CH 	CH 3 - CH-CH 2 -CH2 -CR3 	(20) 
The n-pentyl radicals were generated by the photolysis of acetone in the pre-
sence of ethylene, and their intramolecular conversion into sec-pentyl radicals 
was studied. The values of log A and E were found to be 7. 2(mol e ' .cm. 
sec -1 unIts) 	
10.8 kcal. mole- I respectively. 
The activ tion energy may be compared to the normal value of about S. 3. 
' kcal. mole for the intermolecular transfer of hydrogen ' 2. The low A factor 
out that it cannot be 
tion about the three carbon- 
carbon bonds incorporated in the cyclic activated complex. The present 
scarcity of data prevents the drawing of any firm conclusions. 
(vi) The Decomposition of Alkyl Radicals 
Alkyl radicals which are smaller than the pentyl radical may decompose 
to give a hydrogen atom, a methyl radical or an ethyl radical:- 
C4H9 - H + C H 
C 4119 - CH3 +C 3H6 
C 
4  H 9 —4C 2H5 
+ C 2 H 4 
Decompositions have been studied using the mercury photosensitised decom-
positions of ikLnes at high temperatures 	, when alkyl radicals undergo 
decomposition in addition to the other reactions which are found at lower 
temperature range.. The rate of decomposition into an alkene and a hydrogen 
atom is measured by observing the rate of formation of hydrogen in excess of 
that produced at low temperatures. The disadvantages of the method include 
the uncertainties as to the effective reaction volume (caused by the absorption 
of the radiation by the mercury) and as to the structure of the radicals which 
decompose. 
An alternative method depends upon the photo-initiated chain decomposition 
of aldehydes 67 , which is more direct as both products of the decompositions 
can be measured. The need to correct for the amounts of products formed in 
the primary photolytic act can be eliminated by using azomethane as the 
photo-in itiator68.  The photolysis of di-iso-propyl ketone has also been used 
to study the decompositions of propyl radical. 6 . 
Many d the values obtained for the Arrhenius parameters of the 
decompositions of alkyl radicals have been tabulated by Kerr and Trotman-
Dickenson1 
2 
 We would expect the experimentally determined activation 
energies to be higher than the heats of decomposition by an amount equal to the 
activation energies for the reverse reactions, that Is, by about 7 k cal. rnole 1 . 
In fact, the experimental values are almost all close to the values for the 
heats of decomposition, indicating that there has been a systerrim&tic under-
estimation of the activation energies of decomposition. 
18 
U c' 7P T, 
Free radicals are normally generated by the pyrolysis • photolysis, or 
mercury photo-senaitisation of appropriate molecule.. For the purposes of 
this discussion, most emphasis will be placed on the available photolytic 
sources of alkyl free radical.. 
Metal Alkyl 
The initial experiments by Paneth et al' - centred on the production of 
alkyl radical, by the pyrolysis of metal alkyls, such as lead tetra-ethyl, in 
a flow tube:- 
Pb(C 21-i) 	Pb + 4 C 2H5 
Some work has been done using the pyrolyses of such compounds as radical 
sources, but in general their low valatility and their instability at higher 
temperatures render them inconvenient for practical purposes. Many of the 
decompositions have also been found to have heterogeneous component. 70 . 
Ketones 
Ketones have been widely used as photolytic sources of alkyl radicals. 
Those ketones containing one carbonyl group all show absorption in the gas 
phase in the region 2200 to 3400 X, with maxima at around 2800 R 71, 
Below 2000 £ there is usually a region of strong absorption. Most photolytic 
work on ketones has therefore been done using the 2537 or 3130 £ lines of the 
mercury arc. 
The photolysis of acetone to yield methyl radicals has been widely 
at L -  
A 	,r 
	
- 	 -.- 	 - 
in reactions occurring in the system have been postulated as:- 
OH 3 COCH3 + hv —CH3 + CH3 CO 
	
(20) 
CH 3 00 	—CH  + Co 	 (21) 
CH  + CH3CQCi 3 —*CH4 + CH2 COCH 3 	 (22) 
2CH3 	—3C 2H6 	 (3) 
There are a number of possible secondary reactions, involving the acetyl 
and acetonyl radicals, which account for the observed production of small 
amounts of biacetyl, methyl ethyl ketone, biacetonyl, ketone and acetaldehyde. 
Above 100°C, however, the acetyl radical decomposes rapidly, and undergoes 
no other reactions. Under such conditions, the quantum yield of carbon mon-
oxide was found to be unity within experimental error. 
Below 100 °C, the increased stability of the acetyl radical can introduce 
errors. Abstraction from this radical becomes a further source of methane in 
the system, and the diffusion of radicals to the walls becomes important 72. 
The rate constant for the abstraction of hydrogen from acetone by methyl 
radicals has been measured over a wide range of temperatures, pressures and 
11.5 	-1 	3 	-1 light intensities. Value. for A 22 and 	of 10 	mole . cm • Sec and22 
9.6 kcal. mole respectively, have been obtained. 72 . 
The higher ketones display rather more complex behaviour than does 
acetone. Diethyl ketone may undergo dieproportionation, for example, and the 
pentanonyl radicals formed may also decompose. The important reactions in 
the photolysis of diethyl ketone were proposed by Dorfman and Sheldon 
76 
 and 
confirmed by Kut.chke Wijnen and Steacie 77 :- 
C2H5 COC2H5 + hv —4 2 C2 H5 + CO 	 (23) 
2C 2 1-L 	—C 4 H 10 	 (8) 
2 C 2 H 	-•-4 C ? H6 + C 2 H  4 
	 (9) 
C 2 H 
 5 + C2H5 COC 2H 5 —b C 2 H6 + C 2 H 
 4 
 COC2H5 	 (24) 
C 
2 H 
 5 + C2H4COC2H5 	- C,1 H9 COC 2H5 	 (25) 
If reactions (8), (9), (24) and (z) accurately account for all the ethyl radicals 
formed, then we would expect to find:- 
R,c 2 6' 	' 
H + R,c4 10' I R 	
a M 	1 	(D) 
'  
Experimentally. M has been measured and found to be 0. 997. The 
diaproportionation- combination ratio, L ( k9 /k8), has been measured as 
0.14 and 	and E 24 have been determined as IO " mole** cm3 6 sec 4 and 
7. 8 kcal. mole respectively. 78 
Some higher ketones do not yield alkyl radicals and carbon monoxide as 
the only primary products. Di-n.-propyl ketone, for example, gives ethylene 
79 
and methyl n-prowl ketone in addition to the required a -propyl radicals 
This is known as the Norrlh Type II mechanism: 
C 3 H 7 
 COC 3H7 + hv 	) C 2 H 
 4 + CH  COC 3H7 
Ketones with branched alkyl groups tend to give cleaner reaction systems. 
21 
t It 	 c;L: t;iat 	 - - 	 ) 1ItCfl11 	c:c1tc(;, and 
nence they may not react at the same rate as therinalleed radical.. 
The photolysis of hexafluoroacetone has been widely used as a source of 
trifluorornethyl radicals. Photolysis of the ketone at 3130 X in the temperature 
range 25-300°C yield carbon monoxide and hexadluoroaoetone as the only 
products 80,81 
CF  COCF3 + hv - CO + 2 CF3 	 (26) 
2 CF  —i C 2 F6 	 (27) 
No abstraction was detected, even at 350 °C, su the possible abstraction 
reaction must have an activation energy of greater than 20 kcal. mole 
From the mechanism, we would expect to find that:- 
R(c F) / R(CO) a  M = 1 	 (E) 
Experimentally. M was found to vary from 1. 0 at 25 °C to 0. 9 at 300°C81 . 
One complication in the photolysis of the hexafluor.ac.tone is the 
occurrence of an addition reaction 82: 
	
CF  COCF3 + CF 	) (CF 3)2 COCF3 	 (28) 
(Cr3) 2 COCF3 + CF 	) (CF3) COCF3 	 (29) 
Reaction (2$) wan :i.owu to have an activation energy of 9.7 kcal, mole', and 
the activation energy for the reverse reaction was found to be 30. 6 kcal. mole', 
The pressure dependence of the primary process, reaction (26) has also been 
investigated. Photolys.e of hexafluoroac.tone at 35 0 C in the pressure rang. 
0. 1 to 1.0 mm. HS 83 have shown that there is strong collisional deactivation 
rather than slow multi-stage deactivation. 
(iii) Aldehydes 
The primary photolytic step for aldehydes Is somewhat inconvenient, 
in that there are two main reactions involved. In addition to the decomposition 
into alkyl and formyl radicals • large amounts of alkane and carbon monoxide 
are formed, together with some olefins and lower aldehydes. The two major 
steps are 84:- 
RCHO >R+CHO 
RCHO - RH + CO 
At high temperatures, the second process becomes comparatively unimportant, 
because the majority of the radicals will be formed from the decomposition 
of the RCO which is formed by the attack of a radical on the parent aldehyde 85 . 
The suggested reaction chain for ace taldehyde than becomes:- 
CH3 CHO + hv 	> CH  + CHO 	 (30) 
CHO 	CO-4 	+ H 	 (31) 
H + CH3CHO -f H2 + CH3CO 	 (32) 
CH3CO -CH3 + CO 	 (21) 
CH  + CH3CHO - CH + CH3CO 	 (33) 
2CH3 -4C2H6 	 (3) 
The alkyl radicals produced in this way will be therrnallsed, as reaction (21) 
is a thermal process. Aldehydes are therefore convenient radical sources 
under these conditions, and have the advantage of being more volatile than the 
23 
(iv) Photo sensitination 
For a photolytic decomposition to occur, the energy of a quantum of light 
must be sufficient to break the relevant chemical bond, and the light must be 
absorbed by the substance. Some simple substance., such as hydrocarbons, 
are transparent down to very short wavelengths. Hence, it is difficult to 
decompose them photolytically. 
In such cases, it I. often possible to add a substance to the system which 
will absorb light of a more convenient wavelength, and then transfer the 
energy to the molecule under investigation by collision. Mercury vapour is 
most often used for this purpose, and the technique is known as photosen.jtj8a.. 
tion. The photosensitised decomposition occurs by a process 
Pitch as 86:_ 
Hg(6 3P1 ) + RH -4 I-Ig(6' S) + RW —p R + H 
The mercury photosensitised addition of hydrogen atoms to olefins and the 
removal of hydrogen atoms from alkan.es have both been used as sources of 
alkyl radicals. The rad1c'uls so produced, however, tend to be vibrationally 
excited and hence behave differently from therrriali.ed radicals, For larger 
molecules, there is also the possibility of the formation of two or more 
isomeric radicals, the proportions of which can only be deduced from the 
products. Another major disadvantage is that the starting material in this 
case is also one of the products of the radical reactions, and hence direct 
measurement of product amounts is often impossible. 
cy a number of workers • 	and the mechanism of the reaction 
ias been well established:- 
Cl! 3 NNCH3 + by - 2 CH  + 	N2  
CH  NNCH3 + by -> C 2 H  6 + 	N2 (34) 
CH 	+ CH 3 -4C2H6 
CH  + CH 3NNCH 3 - Cl!4 + CH2NNCH3  
Cl! 3 + CH 3NNCFI 	—4 (cH3)2 NNCH 3  
CH 	+ (CH 3 )2NNCH3 - (CH 3)z NN(CH3) 1  
The quantum yield of nitrogen has been shown to be unity within experimental 
error, 
45 
 and the primary dissociation has been shown to be a three body 
split, as no CH3N2 was detected by e. e. r. at - 196 0088 . Th. occurrence 
of the intramolecular reaction (34) to give ethane has been well established 87 
and found to occur to the extent of a quantum yield of 0.007 independent of 
temperature. Hence it is necessary to correct the observed amount of 
ethane on this basis. When this has been done, the rate expression for the 
abstraction of hydrogen from azom.thane by methyl radicals may be written a 
k13/(k3) 	R (CH  )/ (R(CH) ), . (Azo) 
	 (F) 
Values for A13 andE 13 of 	mole '.cm3. sec and 8.7 kcal. mole 
respectively, have been obtained 87  
A similar rate expeession may also be evaluated for the addition process, 
-.-aI balanc. method, and assuming that reaction (14) 
will be rate -determining. Thus the system has been well characterised. 
The complete three particle dissociation of azornethane over a wide 
range of temperatures makes it an extremely useful source of methyl radicals. 
as no complications are introduced by possible reactions of the CH 3NN radical. 
However, when expression (1) is plotted as an Arrhenius function, some cur-
vature is observed below about 35 °C and results obtained below this tempera-
ture may therefore be subject to some inaccuracy. 
The absorption spectrum of azomethane has been shown to have a region 
of strong absorption between 2800 and 4000 &. with a maximum at about 
89 
3400,9 . Photolyses of azornethane are therefore usually carried out 
using the 3660 A mercury line.. 
The photolysis of azoethane has also been investigated 
90 
 and can be 
explained by the mech(.m:- 
C2H5 NNC2H5 + hv -. 2 C 2H5 + N2 	 (35) 
2C2H5 —C4 H 10 	 (8) 
2 C 2 H 
 5 —C2H6 + C 2 H 4 	 (9) 
C2H5 + C2H5 NNC2H5  —4 C2H6 + C2H4NNC2H5 	 (36) 
The observed variation in the value of k 9 1k8  from 0. 13 to 0.25 with changes 
in temperature and pressure, was suggested as evidence for the occurrence 




4 	2 +N + C2 H 5 	 (37) A 	 .  
The Arrheniu. parameter., A and E, for reaction (36) ha"e "sen measured 
as 1011• 
2 
 zxiols ' . cm3. sec' and 7.5 kcal. mole' reepectively. 
(vi) Alkyl Halide. 
''rrtost all the work done using alkyl halides as radical sources has 
involved the use of methyl iodide. Christie used methyl iodide to investigate 
the photo-oxidation of methyl radicals 
91 
 and also their reaction with nitric 
oxide56 . Th. main reactions were taken to be:- 
CH 3 I +hv__CH3 +1 
	
(38) 
1+: 	•_4j 	+M 
	
(39) 
CH 	I —iCH3 I 
	
(40) 
CH  + 12 —4CH31 + I 
	
(41) 
The rate constant for reaction (41) has been measured an of the order of 
12 	13 	-1 	3 	-1 	o 92 10 - 10 mole .cm • sec at 20 C , with an activation energy of 
about 2.5 kcal. mole 	Some preliminary studies have also made on 
94 	
95 the photolysee of ethyl iodide and too-propyl iodide. 
(3) TifE THERMODYNAMICS OF ORGANIC SULPHUR-CONTAINING 
MOLECULES AND RADICALS 
For many years, bomb calorimetry has been used successfully, and 
with high precision, to measure the heats of combustion of compounds con-
taming any, or all, of the elements carbon, hydrogen, oxygen and nitrogen. 
Difficulties 	re, however, encountered when this method was applied to 
compounds containing sulphur. In the conventional static bomb apparatus, 
the main problem was that of achieving a thermodynamically definable end-
state, and the difficulty appeared to arise mainly from the heat of dilution 
of sulphuric acid, which is large and variable. A moving bomb calorimeter 
was therefore developed 
96,97 
 in an attempt to overcome this problem, and 
was successful in obtaining the first precise data. In such an apparatus, the 
bomb was rotated after combustion of the sample, in order to produce a homo-
geneous final state. Moving bomb calorimeters were constructed both for use 
. i  97 in a constant-temperature bat. of calorimetric 	d and for operation by the 
'aneroid' or fluicUess principle 
It was also necessary to contaminate the oxygen in the bomb with a little 
nitrogen (about 8%) in order to produce oxides of nitrogen. These cataly.e 
the oxidation of sulphur into the +6 rather than the 44 oxidation state and hence 
lead to the formation of sulphuric acid, rather than to an imitabl. mixture of sul-
phuric acid and sulphur dioxide. 
The moving bomb calorimeter 	led to the compilation of large amounts 
uta concerning the heaLz oi c iilAstion d.rici loxinati on  oi organic su.Lpkiur 
'f the data obtained up to the end of 1962 may be 
100-102 
•ackle and O'Ha 	 , and in the publications of 
the U. . Bureau of Miner Therrodyna 	Lboratory 103  Mackle 100 lists 
the heats of combustion and formation at 298. 15 0 K  for over one hundred organic 
sulphur compounds including thiols, thia-hydrocarbona, suiphoxides and sul-
phones. He also adds 	to the earlier compilation ' 03o1 the thermodynamic 
properties of one hundred linear alkane thiol., sulphides and disulphides, a 
further fifty sulphur-containing compounds for which data has been obtained. 
(1) The Dissociation Energies of Bonds Involving Sulphur 
The dissociation energy for a given bond A-B in a chemical compound, 
denoted as D(A-B), in related to the heats of formation of the species A,B and 
AB, LII1 (A)g etc. • by the equation; 
D(A-B) 	1I (A) A  (B) - LH (AB)
g 	I 	g 
Thus if fragment B. for example, is a sulphur containing free radical, 
it Is possible to calculate the heat of formation of this species B once a reliable 
value for the bond dissociation energy has been obtained, assuming that the 
other heats of formation are known. The heats of formation of large numbers 
of hydrocarbon radicals are known 104 ior 37 and as indicated above, the 
heats of formation of many sulphur-containing compounds have also been 
100,102,1  determined . There have, however, been few measurements of 
bond dissociation energies in sulphur-containing componnde, although a little 
a) The Electron-impact Method 
ectron-impact studies have wide applicability in the measurement of 
dissociation energies 112 113 The substance under Investigation is 
leaked into a mass spectrometer ionisation chamber, and undergo.s 
fragmentation by electron-impact, in reactions of the type: 
XY + 	 + Ze 
XY +e —_X 	+ Y +2. 
If it is assumed that the kinetic eziergy of the fragments is n.gli1b1e, then 
it is possible to say that: 
A(x) - x(xY) 	D(X - Y) 
where A(X) is defined as the 'appearance potential' of the species X that 
is, the minimum accelerating potential which must be applied to the electron 
beam in order to cause the appearance of the X 	me, and I(XY+)  is the 
ionisation potential of XY, that is the minimum energy required to remove 
an electron from the highest occupied molecular orbital in the XY molecule. 
For accurate measurements, it is necessary to use a well-collimated 
beam of electron., that is, one In which the spread of energies is as small 
as possible. If such a beam is not used then, even when the mean electron 
potential is below the appearance potential for X, fragmentation will still 
31 
be brought about to some extent by those electrons of greater than average 
energy. 
The calculation presupposes that the fragments formed will be in the 
ground state. In some cases, however, the fragments may be formed in a 
vibrationally excited state, giving a higher value for the observed appearance 
potential and hence a higher value for the bond dissociation energy. In such 
a case it I. only possible to obtain an upper limit to the bond dissociation 
energy, and hence a more general equation must be written: 
A(X) - I(XY) ) D(X - Y) 
The Pyrolysis-rate method 
In order to apply the pyrolysis-rate method to a reaction of the type; 
RX 	)R + X 
it is necessary to assume that the recombination reaction will have no 
activation energy and hence that the activation energy of the decomposition 
reaction can be equated with the bond dissociation energy. 
The compound RX is therefore pyzolysed and the first-order rate 
constant is measured experimentally over a range of temperatures, yielding 
the appropriate Arrheniue parameters and hence the bond dissociation energy. 
Various static and flow techniques have been employed and these methods have 
115 
been reviewed by Szwarc 114, 
	
, St.acis 86 , and Kerr 37  
Metathetical reactions 
The use of metacal reactions of the type; 
R + R'X 	RX + R' 
b 
in the measurement of bond dissociation energies has been discussed, with 
examples, by Karr 37 For such reactions, we can say that:- 
e:Hf(b) 	= E a 
and hence: 
D(R'-X) - D(B.-X) 	Ea 
 - E 
b
. 
In addition if we consider a second reaction:- 
R + RI IX 	RX + R" 
then we can say:- 
D(R'-X) - D(R"-X) = (E - E 
b  ) - (E - Ed) 
Thus, in either case, a knowledge of one of the bond dissociation energies, 
together with the experimental determination of the Arrhenlua parameters, 
leads to the calculation of the other bond dissociation energy. This method 
is often easier experimentally than the pyrolysis-rate method, because 
metathetical reactions usually occur at lower temperatures, and has given very 
reliable results. 
(d) Spectroscopic Method 
The spectroscopic method has been used in the determination of the 
heats of formation of many atoms, and has also yielded very reliable 
'6 - 117 
results for diatomic molecules 
	Extrapolktion of the vibrational 
32 
11 
spectrum to a continuum is used to give a value for the bond dissociation energy. 
The method is less applicable to more complicated molecules, as it is 
difficult to discover the precise electronic states of the products of photo-
dissociation, but it can be used to determine bond dissociation energies 
within wide error limits. 
(ii) Primary C-S Bond Dissociation Energies 
The few experimentally determined bond dissociation energies which are 
available for sulphur-containing organic compounds have enabled the gas-phase 
heats of formation of the radical. SH, SCH 3 , SC2H5 , and SC6H5 and 50 2CH3 
to be evaluated. The various values have been discussed by Mackle' °4 and the 
best values have been selected in each case. Modified values have been sugg-
ested more recently by Kerr 
37,  and the most up-to-date data is Included in 
Table 5. 
Table S 
Heats of Formation of Various Sulphur-containing Free Radicals 
(kcal. mole 1 at 298°C) 
Radical (R) 	 LH1 (R) g 	 Reference 
	
SI! 	 33t4 	 37 
SCH3 	 30.5 5 	 108 
SC 2H5 	 25.5 	3 	 106, 111 
SC6H5 	 49.5 	 109, 37 
SO 2CH3 	 -60 + 3* 
	
110 
- weighted mean of several determinations). 
34 
From this limited amount of experimental data, it is possible to calculate 
the bond dissociation energies for whole series of compounds of the type R-SH, 
R-SCH3 , R-SC2H5 and R-SO 2CH 3 providd L- Lt the heats of for niation of the 
compound, and of the radical R, are known. The value of 1H1(C6H5S)g is not 
sufficiently accurate to justify such calculations. 
A number of bond dissociation energies were calculated and tabulated by 
Mackl. 101 . These have been modified in the light of more recent information 
and are listed in Table 6. The hydrocarbon radical heats of formation used are 
shown and unless otherwise stated, these values were taken from Kerr 37 
Table 6 
Primary C-S Bond Dissociation Energies (kcal. mole at 25 °C) 
R 	LH1 (R) 	D(R-SH) 	D(R-scH3) 	D(R-SC 2H5 ) 	D(R-SO 2CH3) 
CH 	340 	72 	 73 	 73 	 63 (60.6) 
C-DHr. 	25.7 	69 	 70 	 71 	 64 &. ., 
n-C 3H7 21.1 71 72 72 - 
i-C3H7 17.6118 69 70 71 63 
n-C4H9 
 
18.0 119 72 73 74 67 
t-.C4H9 6.7120 66 66 68 59 
C ( H 6 69.6 76 77 77 73 
Allyl 38.0 - - 
- 51.5 (47.7) 
Benzyl 45 	1 (53) (51.5) 58 53 	(i 
(Values in brackets have been obtained experimentally). 
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(iii) Secondary C-S Bond Dissociation Energies 
It I. possible to calculate the dissociation energies of R-S and R-S0 2 
I onds, using the equationE:- 
D(R-) = Ldi f (R) g 	LHf()) g - 
D(R -SO 2) LH (R) g 	Lif (SO 2 ) g Hf(RSO2g 
In practice • the limited amount oi data available un the heats of formation of 
RS and RSO 2 radicals means that thee, equations may only be directly applied 
for the radicals CH 3S, C2H5S and CH 3SO 2. However, we can say approximately 
that, from table 6, and assuming D(R'-SR) and D(R'-50 2R) to be independent 
of R:- 
D(R'-SR) - 	 L f (SR)g - L f ¼RSR) g = 72 kcal.mol.. 
D(R-S0 2 CH3) 	 31 
	
f ' 3 ) g iAil f (RSO2)g 	LRSO2CH 3)g = 63 kcal. mole - 
Thus it is possible to estimate a large number of heats of formation or radicals 
and hence the appropriate bond dissociation energies. The results are shown in 
Table 7. The values are based on those quoted by Mackle 101  and have been 
oiiJied in the iit of more recent tAierntodynacic iormation37 . Values of 
LH1 °2g = 7 . 9511 and iJ 1  (4g 6b. 6 . (both in kcal. mole 1 ) 
were used throughout. 
Table 7 
Secondary C-S Bond Dissociation ine(kca l. 	 1e 1 at 25°C) 
LHj(RS)g (RL•O 2 ) g D(R-S0 2) 
CH  (30. 5- 	5 	) 69 (_60t 3) 23 
C 
2 H 5 (25.5+- 3 	) 66 -69.2 23 
n-C 3H7 20 67 - - 
i-C 3H7 18. 5 65 -75.2 22 
n-C4H9 15 66 -81.0 18 
t-C4H9 93 65 -83.3 19 
Allyl - 
- -44.5 11.5 
Benzyi - 
- .39.0 13 
(Values in brackets have been experimentally determined). 
Comparison of Tables 6 and 7 reveals that, whereas for sulphides there 
is little difference between the primary and secondary bond-dissociation 
energies, the corresponding dissociations for suiphonea have energies differ 
ing by about 40 kcal. mole - 1 . 
(2) The Stability of Alkyl Suiphonyl Radicals in the Gas Phase. 
The addition reaction between alkyl radical, and sulphur dioxide has been 
fairly wen established in the liquid phase at high concentrations of sulphur 
123 - 125 dioxide 	. In addition, electron- spin-resonance analysis has shown 
that su1phir dioxide reacts rapidly and reversibly with trapped hydrocarbon 
polymers at room temperature ' 	. The addition reaction has never 
36 
37 
been reported as occurring in the gas phase, however. No addition was 
detected when di-tert-butyl peroxide was pyrolysed in the presence of sulphur 
dioxide at 160°C '28 . and, in the pyrolysis of allyl methyl suiphone at 550 0C. 
no alkyl suiphonyl radicals were detected by mass sp.ctrometry, although methyl 
and allyl radicals, and sulphur dioxide, were all observed 129 
In spite of the lack of experimental information, it is possible to make 
some predictions as to the likely thermodynamic stability of the alkyl suiphonyl 
radical, based on the results obtained by Busfield and Ivin
110  on the pyrolyses 
of several suiphonee. 
(i) The Pyrolysis of Suiphones. 
Busfield and Ivin' 0  studied the pyrolyses of dimethyl, bensyl methyl, 
and allyl methyl suiphones in a toluene carrier flow apparatus. Dimethyl 
suiphone was pyrolysed in the temperature range 510 -640 0C and the suggested 
reaction mechanism was:- 
CH3SO2CIi, 	 3°2 + CH 3 
	 (42) 
CH 3 SO 7 	-) CH  + 80 2 
	 (43) 
CH3+ CH5 . CH 	) CH4 + C6H5 . CH 
	 (44) 
CH 3 6 5 
+C H .CH 2 	> C 6H5 . C 2 H 5 
	 (45) 
2 C6H5.CH, 	-(c 6H5 . CH 2)2 (outside furnace) 	(46) 
2 CH 	 -> c all6 	 (3) 
Methane • traces of ethane sulphur dioxide, ethyl benzene and dib.nzyl were 
all identified In the products. Two other reactions were rejected as being 
 
I] 
Insignificant In this particular system:-
CR 	
3 
3 +C}f SO 
2 
 CH 
CH SO + C  .CH 
3 2 	65 
GH4+CH1SO 2CH3 	 (47) 
CH3SO 2H+C6H5. CR 2 	 (48) 
Reaction (47) was rejected on the grounds that no products derived from CM 2-
-SO 2 CH  were detected, and reaction (48) because no suiphinic acid was found 
In the reaction product.. The unixnolecular reaction (43) was therefor, regard-
ed as accounting for all the methyl suiphonyl radical. formed. Subsequent 
calculations based on this assumption were self-consistent in giving a very 
short hail-life for the methyl sulphonyl radical, so that bimolecular reactions 
would be unable to compete. 
Reaction (42) was therefore regarded as tie rate -determiningstep 
In the decomposition of the dimethyl suiphone, and the first-order rate 
constant k42 was equated with the rate of formation of sulphur dioxide. 
Evaluation of this rate constant led to the determination of the Arrhenius 
parameters. 
Similar calculations were performed on the results of the pyrolyses 
of the other two .ulphon.e., for both of which the initial step involved the 
production of methyl suiphonyl radical, together with beuzyl and allyl radicals 
respectively. The results obtained are shown in Table 8. 
Table 8 
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Clearly, if it is assumed that the reverse reaction:- 
CM3 SO2 + R 	) CH3SO2R 
has a negligible activation energy, then the activation energies listed above 
may be regarded as equivalent to the bond dissociation energies for the bonds 
CH  80 3-R, and were quoted as such in Table 6. 
The standard heats of formation have also been measured for these 
three eulphones 130  and are found to be -108. 3t 0. 3, -89. 5t 0.8 and .92.3 +-0. 3 
kcal. mole' respectively, at 25 °C. The heats of fusion and vapourisation were 
also measured 
131 
 enablM7 the evaluation of the gas phase heats of formation 
	
128 	AH( ) 	 + 
to be performed . a1uea thus obtained were 89. 9 + 0.7, 68. 0 - 1. 3 
and 73. 5 0.4 kcal. rnole 1 at 25°C, respectively for dimethyl, b.nzyl methyl 
and allyl methyl suiphonee. 
(ii) The EgulUbrium Constant for the Decomposition of the Alkyl 
Sulphonyl Radical. 
The entropy change involved in the equilibrium:- 
CHSO ___ CH + 
3 	S0 	 (a) 
ay ic ca.c..dated un 	arrQw and Pitzcrs method ­' , using the value for the 
entropy of methyl rrcapt an iculated by Barrow and Pitssr, of S ° (CH3SH) 
* 60.91 cal. dog 4 . mole at 25°C. The first step is to calculate the 
entropy of the CH 3S radical from the equation:- 
5° (CH 3s) = S° (CH 3SH) + R. in 2 
where R. in 2 is the contribution from electron spin in the CH 3S radical. 
This gives a value for S° (CH 3S) of 62.3 cal. deg' . mole . We then may 
that: - 
5° (CH3S0 2) 	5° (CH3S) + 2 S° (_- 0 	2-IS 0 (SO2   + R. in 9 
assuming symmetry numbers of 3, 3, 6 and 2 respectively for the species 
involved. Using Barrow and Pitzers' 32 values of S°(80 3) 61. 7  and S°(SO) 
59.4, S (CH 3SO2) can be calculated and is found to be 70.3 cd. dog - 
mole- i 	0 le at 25 C. 
Hence, taking S° (CH 3) = 45.5 cal. d 	. mole- 1 133, we can cal- 
culate that, for reaction (a), at 25 °C and 1 atmosphere, the entropy change 
will be 34. 6 cal. deg - '. mole'. Then taking the value of the bond 
dissociation energy D (CH 3 - SO2) given in Table 7, of 23 ]cal. mole 1 , WID  
can substitute into the equation:- 
LGLH -T.LS 
.rhere LG is the free energy change in reaction (a) and LH is equivalent 
to the bond dissociation energy. This gives a value of 12.7 kcal. mole 4 
for I.G. We can then use the relation:- 
LG = 	RT. lnK 
P 
to calculate the equilibrium constant K. This I. found to be lo 9.3 atmos. 
at 250C. 
Hence at room temperature we would expect that the equilibrium would 
iie very far to the left even at sulphur dioxide pressures of i.e. t)-.wi  1mm. Hg. 
The decomposition reaction will, however be highly temperature dependent 
In view of the activation energy of about 23 kcal. mo1e and the stability of 
the methyl suiphonyl radical would therefor, be expected to fall off quite 
quickly with temperature. ThI s would explain why alkyl suiphonyl radicals were 
128,129 
not detected at higher temperatures 	. At 160 C. for example, the 
equilibrium constant, K p , may be calculated as being of the order of 10-4
atmos. and hence the equilibrium would be much further over te right. 
A similar calculation may be performed in the case of ethyl sulphonyl 
radical, which exists in a similar equilibrium;- 
C2H5SC.. 	" G2H5 + 80 	 (b) 
Taking the value of Barrow and Pitaer 132 for $° (C2H5$H) of 70.6 
cal. deg mole', a value of 80.0 is obtained for S ° (C2H5802). Taking 
° 	 1 	' 134 (C2  H5) as 58.1 cal. 4g,  mole 8 	 reaction (b) may be 
calculated as 37.5 cal. dog- 1.  Mole -  (25G. standard state 1 atmosphere). 
Using the vein, for D(C 2H5 -802) given in Table 7, 23.4 kcal. male-,n 
 G at room temperature is found to be 12.1 kcal. mole 1  and hence the 
equilibrium constant become* 10 -8. atinos. This Indicates that the ethyl 
aulpb*nyl radical is somewhat less stable than the methyl analogue, although 
the equilibrium will still be well to the left-hand side at room temperature, 
even for small sulphur dioxide pressures. 
4. THE SULPHOXIDATION OF HYDROCARBONS 
The .ulpho3ddation of hydrocarbons is of industrial importance in the 
field of surface-active agents 	as the resulting suiphonic acids are widely 
used as Intermediates in the preparation of dyes and detergent.. The reaction 
was first developed during the Second World War, when it was discovered that 
good yields of alkyl suiphonic acids could be obtained by bubbling a mixture of 
sulphur dioxide and air through a saturated liquid hydrocarbon 36 The 
reaction required initiation, by chemical or photo-chemical methods. 
The overall process could be represented by the equation:- 
RH + SO  +O 	) RSOH 
where RH is a hydrocarbon. There have been several suggestions as to the 
reaction mechanism, which will clearly be complex. 
(i) The Oral Mechanism,,, 
The first suggestion as to the possible mechanism of the suiphoxidation 
reaction came from the work of Oral 137-138 who investigated the suiphoxidation 
of cyclohexane, using initiation by U. V. Light in the early stages of the reaction. 
His postulated reaction scheme was:- 
RH+liv 	R + H 	 (i) 
R + SO 2 	)R502 	 (ii) 
+ 	
—4 RSOO 	 (Iii) 
RS0 202 + RH 	RSO 2O 2H + R 	 (iv) 




RSO2O}i 	) R5OO + OH 	 (vi) 
RSOO + RH 	> BSO2OH + R 
RH + Qi-j 	> R + )( O 	 (viii) 
The pzoductLn of further Aiydri carbon radicals in reactions (iv), (vii) 
and (viii) explained why the reaction was slhprop.gsti.g and why I llijmination 
was only necessary at the beginning of the reaction. 
There were a number of possible secondary reactions proposed by Oral. 
The observed occurence of sulphuric acid in the reaction products could be 
explained by a reaction involving the water formed In reaction (via) :
- 
A6029 2H+ H 2 0 + 2 	> 11.502OH + R2804 (lx) 
Several other possible procedures wMTO suggested to account for the conversion 
Of the persuiphonic acid, formed 5n reaction (I'), Into the suiphonic acid. 
This could occur by way of the mixed anhydz'Id.:- 
RSO2OH + SO? 1, R-'-0202502H 
Rao 202602H + R1i 	 SO3H 	 (xl) 
Another suggested secondary process involved a bxsn. Intermediate and the 
formation of the sulphate of the Cyc1chexane sialpkonate of cyc1oh*ian.djol:. 
C6H1150202H + C4}i 1 ,— eH11 SO 3H + C 6HI0 + ffO 	(xii) 
CM1 iSOO }i + G6R 1 , - C H3 1SO20, C H 100H 	 (xiii) 
C6H 11 $020. C 6H10  OR + $0 2 1 C6H 11$O2O2}j_, CH11 8020. C6H100$020H 
+ C61111803 H 	 (zfv) 
Oral also re ported that, in the presence of certain adducts, such as water 
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and methnol, continuous Irradiation was necessary. It was suggested that the 
chain termination step In such cases no longer involved the formation of a 
further cyclohexyl radical, and could be represented by the equation:- 
R80202H + 60  + H 2 0 	H2SO4 + RSO3H 	(xv) 
(ii) The Topchiey Mechan1srn. 
The initiation process proposed by Graf, reaction (i) was regarded as 
unsatisfactory by Topchiev' . In a consideration of the suiphoxidation of n-
beptane he proposed that the Initial step In the reaction involved an insertion 
reaction of the type reported by Dainton and 1vin 140 , in which photochemically 
excited sulphur dioxide molecules react directly with hydrocarbons to give 
suiphinic acids, without the occurrence of free-radical Interemediates :- 
RH + SO; 	') RSO2H 
	
(Zvi) 
After investigating this reaction for a number of hydrocarbons, Dainton and 
Ivin concluded that the reaction proceeds most readily with long-chain hydrocarbons, 
although the quantum yield was found to be less than unity In all cases. It 
appeared that tertiary carbon atoms were more readily attacked than were 
secondary, and that secondary carbon atoms were more readily attacked tha n 
were primary. Olefins were less effective than paraLfins, as they tended to 
quench the excited sulphur dioxide. 
In his investigation of the products of sulphozLdtIon, Topchiev ,  found no 
olefinic products • such as would be expected if the reaction pathway (xii) to (xlv) 
was important in the system. 
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(iii) The Black and Baxter Mechanism. 





R + So 	) RSO2 	 (ii) 
RSO2 +02 	>RS0 20  2 
RS0202 + RH 	> RSO2O2H + R 	 (iv) 
R80202H-3 RSO3 	+ Ø 	 (vi) 
RSO3 +RJ{ 	3 	 +R 	 (vii) 
RH +OH 	>R + H 2 0 	 (viii) 
This again is a branched-chain process, in which further hydrocarbon radicals 
will be produced by reaction. (iv), (vii) and (viii). The chalrt-branching is self-
limiting, however, as the water produced in reaction (viii) will undergo a sub-
sequent reaction:- 
RSO2O2H + 50 + HO 	RS0 3H + H2804 	(lx) 
The stoichiomtry of the system would thus suggest a 2:1 ratio of suiphonic 
to sulphuric adds. In pxactic, however, Black and Baxter found the ratio to be 3:1 
Despite this discrepancy between theory and experiment. Black and Baxter did 
not support the mechanism put forward by Graf, and rejected reactions (v) and 
(xii) as possible pathways. 
Reaction (v) the disproporticnátk,nreaction between the hydrocarbon 
suiphonyl and the hydrocarbon persuiphonyl radicals, was rejected because the 
chain length must be long for this system, and hence reaction (v) is unlikely  to 
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compete with reactions such as (iv) which lead to the production of more hydra-
carbon radicals. Reaction (xli) was rejected on the grounds that TopchI.v had 
detected no ole.finlc products in the suiphoxidatlon of n-heptan. 139. 
Clearly, however, the observed behaviour of the system does not agree 
with the stoichiotnetry expected from the postulated reaction schemes, and 
no satisfactory explanation for this discrepancy has yet been produced. 
S. THE PHOTO-OXIDATION OF ALKYL RADICALS 
The field  of gas-phase photo-oxidation has been widely studied and has been 
dealt with in recent reviews by Knox' 42 , Hoare and 143 Pearson and McMillan 
and Calvert' Many estimates have been made of the rate constants for the 
primary processes:- 
R + 02 (+M) 	) R.02 (+M) 
but the complexity of the subsequent mechanism has made quantitative measure-
ments difficult and there are discrep,-incies between the results reported by 
different workers. 
(i) The Reaction between Methyl Radicals and Oxy&en. 
Many investigations have been made Into the kinetics of the Initial step In 
the reaction between methyl radicals and oxygen. The most frequent source of 
methyl radicals has been acetone o  which decomposes photo-chemically by the 
mechanism.:- 
	
CH3COCH3 + liv 	) CH  + CH3CO 	 (20) 
CH3CO (+M) 	)CH + Co (+M) 	 (21) 
CH  + CH  COCH 3 	) CH  + CH  COCH3 	 (za) 
CH  + CH 	 > C2H6 	 (3) 
The rats constant for reaction (22) has been measured over a wide range of 
temperatures 72,73  and hence it is possible to follow this reaction in competition 
with the reaction between methyl radical, and oxygen:- 
CR3 +02 	) Products 	 (49) 
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It had originally been assumed that this reaction would be second order, 
but subsequent work by Hoare aid Walsh 145 and by Christie 
91 
 showed that there 
was also a third order component. Hence there are two possible rate constants 
for the two reactions:- 
CM3 +0 2  + M 	'> CH302 + M 	 (49a) 
CH3 + 0 	> CH302 	 (49b) 
el. 
although most kinetic treatments have neaured the rate of the overall reaction 
(49). 
Hoare aid Walsh 
145 
 treated the system by assuming that, at pressures of 
greater than a few microns, all the methyl radicals would react either with 
acetone or with oxygen. Hence, If reaction (21) proceeded to completion, they 




0(GH4) 	k22. (cH3cocH 3 ) 
where 0(x) denoted the quantum yield of x, and (x) the mean concentration 
of X in the system. This equation was found to hold approximately for tempera-
tures greater than 120 °C and over a 20-fold range In acetone pressure. 
A more accurate expression was employed by Noyes 
146 
 who considered 
the fate of the C}i 3COCH2 radical produced by reaction (22). This could react 
with or -gen to generate another methyl radical:- 
CH 	 3 3 
COC 
 2 	2 
H + 0 	:)2 
	2 
CH 0 + CO + CH 	 (50) 
Noyes also concluded that reaction between oxygen and photo chemically excited 
acetone would be unimportant as the singlet luminescence of acetone was unaffected 
.c 	itim i.,I xygti aiic We tr.j.iet i.L.nebcence wa ainot non- e.xLbtent 
that It had a short life-tims under the.e conditions. 
sed the expression:- 
.(o) = 	 2 	 (H) 
k22. (CH 3COci 3 ) 
At lower temperatures, the reaction between oxygen and excited acetone 
molecules could not be ruled out. There was also the possibility that the acetyl 
radical could react with oxygen, as It I. more stable and hence has a longer 
We-time, under these conditions. Pearson Investigated the reaction at tempera-
tures below 100°C, and postulated a mechanism Involving reactions (20)ta (22), 
(3) and (50), followed by:- 
CH3CO + 0 1, ) CH3CO 3 - CH3O + CO 	(51) 
CH  +0 2  (+M) 	)CH302 (+M) 	 (49) 
2CH302 	)2CH30 +02 	 (52) 
2 CH 3 O 	) CH0H + CH2O 	 (53) 
CH30 + CH 3 	— CH 30H + CH3COCH2 	(54) 
This rechan ism led to the rate expression:- 
- 	(co 2) 	149 • 	 (I) 
k22 . 	3 (cI-icocH3 ) 
At such low temperatures, the rate constant k22 became difficult to determine 
as a result of the loss of methyl radicals by wall processes and the formation of 
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methane by disproportionation reactions. Pearson therefore used an extrapolated 
value taken from results at higher temperatures 148 and calculated relative to 
Shepp's value for the rate of recombination of methyl raiic1s 6. 
Other work has been done on the photo-oxidation of aaornethaae. Azomethane 
decomposes photochemically by a well-established mechanism 45,87 , and when it 
was photolysed in the presence of oxygen the following reactions were postulated 
by Hoey and K.utschke '49:- 
CH3NNCH3 + hv -> 	i3 
CH  + cH3NNCH3 
CH  +CH3NNCH3 
CH  +02 
CH3NNCH2 + 02 
CH3NNCH2O 2 
This led to the rate expression: - 
2 + 
	
k13 + k 14 
+ 
Ic49 . (0 2) 	
(J) 
(CR4) 	
b 13 	Ic13 . (CH 3xcH 3 ) 
The photo-oxidation of asomethane has also been studied by flash photolysis 150 
when the rate of combination of methyl radicals will be high, in view of the high 
methyl radical concentration at flash intensities. Thu. In this 'work Us rate of 
ethae formation was used as a measure of U. us thyl radical concentration. 
Methyl iodide was used as a source of methyl radicals in a study by 
Christie 
91  which led to the separate evaluation of the second and third order 
components of reaction (49). The major reactions in the system were taken to be:- 




> CH 3NNCH2O2 







CH3 I+hv CH 3 +I  
CH  +0 - Product. (49) 
1+1 	+M -)12+M  
CH 	+ I —p CH3I  
Cl!3 + 12 - CH3 I + I  
This reaction scherce led to the rate expression.:- 
1 	k40 	k41 .(I) 
k49 (02) 
The k40. ( I)ter-f. -was found experimentally to be negligible and hence the rate 
constant k 49  could be calculated using the known value of k3 151 This rate 
Constant, k49 , obtained by extrapolating ( 12) / ( o) to zero, was the 
apparent second-order rate constant and could be represented by:- 
k49 	k49b +k49a• (M) 
Both methyl iodide and carbon dioxide were used as the third body, M, and 
extrapolation of the k49/k41  values to zero pressure gave a positive intercept 
equivalent to k49b/k41 , where k49b was the true second order rate constant. The 
third order rate constaxt was measured from the gradient and the ratio k49a/k49b 
was found to be 1.9 z 105  cmmole with methyl iodide as the third body. 
Table 9 lists a number of the experimentally determined rate constants for 
reaction (49a). These have been calculated as third order but may Include a 
second order component, with the exception of Christie's vvork s for which the 
third order component has been evaluated separately and has been included In the 
I 
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Table 91 . 
Table 9 
Third Order Rate C onstants for the Methyl-Radical -Oxygen Reaction. 
Radical Source 	- M To 	(°c) 10' 6.k Reference 
Acetone 	Acetone 175 3.2 152 
200 3.7 153 
225 3.4 146 
It 	 of 200 1.5 145 
of 	 It 36 2.6 147 
70 3.5 147 
Azomethane 	Azomethan. 123 6.5 149 
161 8.2 149 
Azometh.ane, 25 3.8 150 
Neopentane 
Methyl iodide 	Methyl iodide 20 20.0 91 
-2 (k in moles 
6 	-1 
. cm • sec ) 
On the basis of these values, McMillan and Calvert 
144 
 suggest a value for 
N9a of 4.7 x 1016 i z taken from the data In 4 references 146, 149, 
150, 152 and 153. 
The subsequent behaviour of the therxnalised rrieth1-peroxy radicals has 
been investigated by a number of works. Poto1yses of aomethane • using small 
azomethane pressures (ca. 1mm. Hg) and oxygen pressures of from 1 to 740 mm., 
have revealed 154,155 that the products contain approximately squirriolar amounts 
of formaldehyde aid methanol, with smaller a'nounts of formic acid and methyl 
hydroperoxid.. Different inert gases were found to have no effect. Experiments 
using hexad.uteroazomsthne in the presence of acetone, yielded no CD 3OOH. 
and hence the CD 300 radical did not abstract from acetone or azom.*hne. The 
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most likely reactions were suggested as:- 
ZCH300 - 2 C +0 2  
2 CH3O 	-) CH2O + cH3OH 
CH 3O + CH 300 	) CH 300H+ CH2O 
CH 3O + CH300 	> CH3OH + HCOOH 
The presence of formaldehyde increased the methanol yield, while de-
creasing the yield of peroxide. This showed tI*t the methozy radical could abstract 
from formaldehyde, while the methyl peroxy radical could not: 
CH3O + CH2O 	> CH3OH + cHO 
The abstraction by methyl peroxy radicals from formaldehyde was • however, 
detected at higher temperatures In the photo-oxidations of both asometluine 156 
and di-tert-butyl peroxide ' 57 at temperatures up to 160 °C. 
(ii) The Reaction between Ethyl Radicals and Oxygen. 
A 1e- measurements have been made of the rate constait for the reaction 
between ethyl radicals and oxygen. 
C 
2 H 
 5 +0 	) C 2 H 5 0 
 2 
A number of radical sources have been used, and the results obtained have been 
summariesed in Table 10. 
Table 10 
Second-Order Rate Constant for the Reaction betweei Etwadica1s 
and Oxygen 
11 
Radical Source 	Temp. (°c) 	10. k 	 Reference 
Diethylketon. 102 0.078 158 
14 35 0.6 159 
70 0.9 to 
100 3.3 of 
150 2.1 to 
Azomethan. 22 41.5 160 
Ethyl Iodide 25 15.1 161 
H atoms ethylene 75 - 302 6.6 162 
C1 atoms ethr&e 37 10.0 163 
(k l.nmole-  .cm ..•c 	) 
The values quoted in Table 10 are thc.e for the second order rate constant. 
At high temperatures and low pressures a transition to third order kinetics has 
been observed 
16z  In a fast-flow system. 
There is much less agreement among the values available for the ethyl 
radical-oxygen reaction than is the case for the corresponding methyl radical 
reaction. McMillan and Calvert 	regard the values from the photo-oxidation 
of diethyl ketone as being too low, mainly because, even when the disproportiona- 
tion of ethyl radicals has been corrected for, and at high oxygen pressure., there 
remain other sources of ethylene in the system 160. This error would tend to 
reduce the observed values of the rate constant. McMillan and Calvert recommend 
a value of (2. 5 - 1.5) z 10 mole . cm ?'. mole for the second order rate 
constant at 25° C. 
The subsequent behaviour of the ethyl peroxy radical has been investigated 
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and it has been shown that the mjvi products below about 200°C are aldehydes 
and hydxoperoxlde. 159 . The existence of wall reactions has been suggested 162 :- 
(wail)) CH2CH2OOH 	) C 2 H 4  0 + OH 
CH3CH200 	(wall) CH3CHOOH 	) CH3CHO + OH 
(gas) C2H5 
(iii) The Reaction between TrUluoromethyl Radicals and Oxygen 
The reaction between trilluorom.thyl radicals and oxygen has been 
164. 
investigated using the photolysis of trifiuoromethyl Iodide at 3130 A 
The, suggested reaction mechanism was: - 
CT 3 +0  2 	) CF
302 
2CT302 	> 2CF30 + 02 
2C730 	) 2CF2O +T2 
Added hydrogen iodide did not suppress CY 20 formation suggesting that the 
hydroperozide formed must decompose by way of a subsequent wall reaction:-
CYO 2 
 +HI 	>CF3OOH +1 
3 
CF 300H (wall) ) CT2O + HOT 
A rate constant of greater than 0.01 see- I .c 1 for the wall reaction would make the 
mechanism consistent udth the experimental results. 
Porter found no carbon monoxide in the photo-oxidation of hexafluoroacstone 
to 70% conversion. The main product was found to be di-trifluoromethyl pieroxlde 165. 
In other experimeits, however, Newton and Johnston 
166  photolys.d hexafluoro-
acetone-oxygen mixtures at lower pressures and conversions. The reaction 
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JiriIrt- 
products were bled off into a maas spectrometer and CF 2O was the only 
oxidation product detected. 
H.icklen1M explain, the discrepancy between the.e results by suggesting 
that Porter was oxidising the excited triplet state of the acetone, rather than 
trifluoromethyl radicals. This was verified by photolysing a mixture of 
hexafluoroac.tone and oxygen at high pressure • and the results for this 
system were found to be In agreement with those of Porter. 
as line of conventional design was constructed, using Pyrex glass- 
'round-glass high vacuum stop-cocks, lubricated with Ap4eaon 'L' 
stop-cock grease, except where indicated below. The gas line is shown in 
diagrammatic form in Figure 1. 
Pressures of better than 10 mm. 11g. were obtained in the high vacuum 
system using an Edwards 'Speedivac' GM 2 mercury diffusion pump, which was 
backed by an Edwards 2520B two stage rotary oil pump. The rough vacuum line 
was maintained at better than 10- 2  mm. Hg using a rotary oil pump. The pressure 
in the high vacuum system was measured by means of an Edward: McLeod gauge, 
which read down to 10-6  mm. Hg, and reactant pressures were measured using 
mercury and di-butyl phthillate manometers. Very low reactant pressures, 
that Is • of less thas about 0. 2 mm. Hg were measured using the McLeod gauge, 
or using the calibrated dosing unit which will be described below. 
The reaction vessel consisted of a quartz cylinder, of circular cross-section, 
with two optically flat quartz windows at the ends. This was connected, by way of 
a side-arm and a graded seal, to a Pyrex ground-glass stop-cock which was 
lubricated with silicon* grease, to withstand the high temperatures used in the 
furnace. The total volume of the reaction vessel, Including the side-arm, was 
320.7 cm 3.  or 317.7 cm3 before the fitting of the dosing unit. 
The reaction vessel was enclosed in an aluminium block furnace, which was 
I 









maintained at 0.2°C, using a Bikini -Fenwa1l TCB 9 temperature control unit 
connected in series with a 0-260 volt Variac transformer and the heating 
element. The platinum resistance bulb of the temperature controller was em-
bedded in the aluminium block. The actual temperature of the reaction vessel 
was measured using a calibrated T 1 T2 thermocouple with the cold junction In 
liquid nitrogen and the hot junction In the central cavity of the furnace, in con-
tact with the reaction vessel. The potential generated by the the tno couple -vas 
measured using a Cropico Type P3 potentiometer. 
Convection in and out of the furnace was prevented by the use of opticall y 
flat quartz end-plates, or, on the side facing the lamp, an appropriate filter 
glass. The illumination was carried out using a Mazda 250W MElD mercury-
vapour ultra-violet lamp. This was housed In a box fitted with a manually oper-
ated shutter, and the resultant beam was collimated so that it was approximately 
parallel and illurrthiated the entire central cavity of the fir nace. 
The initial separation of products was carried out by low temperature distill-
ation. The contents of the reaction vessel were expanded into a liquid nitrogen 
trap, and could be separated using appropriate slush-baths and a Toepler pump 
fitted with a gas-burette. A fraction was usually taken off using a liquidirnitrogen 
trap at - 196°C. This was the so-called 'permanent-gas' fraction. An isopentan. 
liquid nitrogen slush bath at -160 0C or an n-propanol-liouid nitrogen slush bath 
at 125°C was then normally used to remove a second fraction of the products. 
An acetone-liquid nitrogen bath at -90 0C was also used on occasion. The 
fractions removed were transferred to sample tubes, after being estimated by 
S9 
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means of the gas -burette,, and analysed by mass-spectrometry or gas chroma-
tography. The residue was also analysed by gas chromatography when necessary. 
(I) The Chromatography Unit. 
The gas chromatographic analyses were performed using a Model 9677 
katharometer, 5cr. No. 410043, which was connected in a Wheatstone bridge 
type of circuit. The circuit was balanced for a steady and measured flow of 
carrier gas by means of a variable resistor. SrrU changes in the thermal con-
ductivity of the gas passing through the katharornst.r, caused by the presence of 
a sample in the carrier gas, brought about a small change in the current which 
was presented on a Kent 1 my. recorder, and hence caused the appearance of a 
peak on the recorder chart. The circuit included an attenuator, wbie) enabled 
the selection of one of a range of eleven sensitivities, as required. The relative 
sensitivities are shown in Table 11, and the values were obtained by comparing 
the recorder responses for adjacent ranges, when a constant potential was being 
applied to the attenuator by means of a Cropico Type P3 potentiometer. 
Table 11. 
Relative 8ensltivlts of Ranges in Katharom.ter Attenuator. 
Relative Sensitivity 	Rang 	Relative Sensitivity 
1 	 1 7 79.14 
2 	 2.09 8 173.3 
3 4.01 9 305.0 
4 	 8.47 10 500.2 
5 17.87 11 800.4 
6 	 38.23 
Du 
Hydrogen was used as the carrier gas, and it was first purified by passage 
through two tubes of 13X molecular sieve. The flow from the cylinder was 
regulated using an Edwards needle valve. The gas passed through one arm of the 
katharometer before reaching the injection system. By arranging the flow In this 
way, rather than having two separate streams of hydrogen through the two sides 
of the katharometer, errors brought about by temporary variations In flow-rate 
could be zninlmieed. After leaving the injection system, the hydrogen passed 
through the chromatography column. This was contained in a glass heating 
jacket, which was -.wound with heating tape and powered by a Variac. The hydro-
gen then passed through the second arm of the katharometer. The hydrogen flow-
rate was measured using a soap bubble flow-meter which was attached at the 
exit from the katharometer. 
The sample injection system is shown In Figure 1. The sample U-tube 
could be evacuated through the high or low vacuum lines, whichever was the 
more convenient. If the proportions of the constituents of a sample were required, 
a portion of the sample could be transferred to the U-tube by direct expansion from 
the gas line. If the absolute amount of products needed to be determined, the 
sample could be placed in a sample tube, using the Toepler pump, and trapped 
quantitatively into the U-tube through the sample inlet side-arm. In order to 
achieve complete trapping down of the sample it was necessary to pump through 
the U-tube to the high vacuum system. Hone valves and small-bore glass tubing 
were used throughout the Injection system, except for the sample Inlet, which 
had a ground-glass high-vacuum stop-cock and was constructed of capillary 
tubing to rz-'ir'nise the dead space in the U-tube. Air-tight seals between the 
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Hone valves and the glass tubing were obtained by tightening the coupling nuts 
against rubber 0-ring.. 
Table 12 shows the types of column used, and the conditions of use, for 
the various analyses which were p.rLormed. The areas of the peaks which were 
obtained from the chromatographic separations were measured using planimeter 
no. 28644. 
Table 12. 
Columns used in Gas Chromato2ra2hlc Analyses. 
Column 	 Flow Rate 	Temperature 	Substances Analysed 
5' 13X molecular. 25 ml/min. 	Room 	02 ,N2 ,C.H4, CO. 
sieve (60-90 mesh) 
10' Silica gel(40-60) 	it 	 of 	 C2F6 
5' 20% Dinonyl 	 If 	 of 	 SO 
phthallate on 
fosalsil. (60-80) 
5' Silica gel (40-60) 60 rnl/rriin. 	55 °C 	 (C 2H5 ) 2 CO 
(Ii) The Mass Spectrometer 
An AEI MS 10 mass spectrometer was used, and was evacuated down to a 
pressured of 10 8  mm. Hg. Samples were introduced by diffusion through a sin-
tered metal rod, the effective length of which could be varied by means of a mer-
cury cut-off. For ordinary gas analysis. sample pressures In the ionisation 
chamber of the order of 6-8 x 10 mm. Hg were employed. Rather higher pres-
sures of the order at 10. 
6 
 mm. Hg were generally necessary for electron-impact 
work. Table 13 shows the sensitivity values used in Interpreting the sample 
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analyses. The output of the mass spectrometer amplifier was presented on a 
Kent 1 my. recorder, and the peak heights obtained had to be divided by the 
listed senaistivities in order to obtain the proportions of the constituents of the 
sample. Unknown sensitivities could be determined by the analysis of mixtures 
containing known proportions of two substances, of which one was of known 
• en. itivity. 
Table 13 
Mass Spectrometer Sensjtivitb. (in mm. Hg. am24) 
Substance 	 Peak Used 	Sensitivity 	Source of Value 
N2 	 28 	 3.6 	AEI instruction manual 
Cl!4 	 16 	 3.9 	 It 
CO 	 28 	 3.8 	 to 
CO 	 44 	 4.1 	 H 
Ar 	 40 	 5.6 	 It 
C 
2 H 6 
	 30 	 5.5 	Measured rel. to CO 2 
CR3NNCH3 	 15 	 3.6 	 11 
N 2 0 	
44* 	 2.2 	 to 
C4R10 	 43 	 5.8 	 it 
C2H4 	 28* 	 13.1 	Measured rd. to C 
2 H  6 
(C:- As N 
2  0 and CO  were present in the same sample in practice, the peak 
height of the N 2  0 at (m/*)*" was calculated using the observation that the peak 
height at (m/e)14 was 12.6% of that at 44, for N 20. Similarly, the C 
2 
 H peak 
height had to be corrected to allow for the fact tInt C 2 H 6  lives a 28 peak 'which 
is 418% of the peakeight at 30). 
(iii) Calibration of Thermocouple 
The T 1 T2 thermocouple was calibrated with the cold junction In liquid 
nitrogen, and the hot junction successively in an ice-water bath, in boiling 
water, and in a heated oil-bath. The calibration was carried out against a 
mercury-in-glass thermometer which was accurate to 0. 1 °C. The potential 
generated was measured using a Cropico Type P3 potentiometer. The potential 
readings obtained were plotted graphically against the temperature readings 
taken from the mercury thermometer, and a linear function was obtained. This 
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The Calibration of the Di-Butyl Phthaliat. Manometer 
The di-butyl phthallate manometer was calibrated, relathvo to the mercury 
mannm.ter, by introducing varying sample pressure. Into the manifold and 




where the error limits quoted represent the standard deviation of eleven ob-
servations. 
The Calibration of the Gas Burette. 
The gas fracti^ns removed from the reaction products by means of the Toe-
pier pump were measured using a gas-burette. This consisted of a length of 
Veridiat tubing, of diameter 1.5 mm. This was sealed at one end, and near the 
other end, which was joined to the Toepler pump, two small bulb, were blown. 
Three etched marks were made, in order to define this. volumes In the tub.. 
The first mark was placed close to the first bulb, on the side nearer to the 
sealed end, and thus consisted solely of uniform bore tubing. This will be called 
volume OA. The second mark was made between ft two bulbs and the third mark 
after the second bulb. Volumes OB and OC respectively were thus accurately 
defined. The gas burette in shown diagrammatically in Figure 1. 
It was necessary to know these three volumes accurately in order to be able 
to tre asure the sizes of the gas samples obtain d. The first volume, OA, was 
measured using a travelling microscope to measure the length of the capillary. 
It was assumed that the tubing was of constant diameter, and hence the volume 
could be calculated. Several determinations all yielded values of 0. 1823 cm3. 
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In order to estimate gaseous samples in a gas burette it Is necessary to 
compress the gas sample into a known volume and then to observe the pressure 
of the sample at a known temperature. From this the number of moles of gas 
present can be calculated assuming ideal gas behaviour. The pressure reading 
in this case was obtained by observing the difference in the heights of the 
mercury columns in the gas burette and in the side-arm of the Toepler pump 
leading to the analytical system. 
Thus in performing the calibration, gas samples were compressed into 
volume OA and their pressures were observed. The samples were then expanded 
into 03 or OC by lowering the mercury level in the Toepler pump, and the new 
pressure was read off. Thus the volumes could be calculated and it was found 
that OB = 0.7555 (10. 0020)  cm3 and OC - 3, 066(± 0.018) cm 3 where the error 
limits quoted represent the observed spread of results over several deter- 
minations. 
(vi) The Construction and Calibration of the Dosing Unit. 
The dosing unit was constructed In a similar fashion to the gas-burette 
already described, except that the capillary tube was not sealed at the top, but 
was Joined by means of a three-way high-vacuum stop-cock to the side-arm of 
the reaction vessel. The length of capillary from the side-arm to Tapl(aee 
Figure 1) was lagged with asbestos, and was bent into an inverted U-shape so 
that mercury would not pass into the reaction vessel. 
The other arm of the three-way stop-cock was connected to the mani-
fold of the gas-line. Thus a sizeable pressure, ire asured by the mercury or 
butyl phthaflate rnnometers, could be measured out into a known volume of 
rq'i 
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the dosing unit. This known amount of gas could then be injected into the 
reaction vessel by reversing the three-way stop-cock and raising the mercury 
level In the doser. Thus a low pressure of reactant could be placed In the 
reaction vessel with a greater accuracy than 'would be possible by direct 
injection. Such a dosing unit would also be suitable if required, for the 
injection of further doses of reactant during an experiment, if it was necessary 
to keep the concentration of the reactant more nearly constant during the course 
of the reaction. 
There were several marked volume, of the dosing unit, and these 
volumes were measured prior to the construction of the doser, by filling the 
tube up to the mark in each case with mercury, and wbighing accurately. Thus, 
the marked volumes were nwaaured as 0. 140, 0. 224, 0.496, 1. 240 and S. 27cm3. 
2. 	EXPERIMENTAL 
(I) Materials 
Nitrogen, Oxygen and Argon were obtained from B. 0. C. cylinders and were 
purified by passage through liquid nitrogen cold-traps. 
Sulphur dioxide was obtained from a B. D. H. cylinder, and was purified by de-
gassing from liquid nitrogen trap and then distilled from an acetone-
liquid nitrogen slush bath at -90°C. It was then stored in a blackened 
bulb to prevent photo-decomposition In daylight. 
Methane was obtained from a Mathieson cylinder and was purified by passage 
through a liquid nitrogen trap. 
Ethane was obtained from a B. 0. C. cylinder and was distilled from an Isopentane-
liquid nitrogen slush bath at -160°C. 
Ethylene and n- Butane were obtained from I. C. I. cylinders and were purified by 
distillation from, respectively, an isopentane-Uquid nitrogen bath at 
-160°C and an n-propanol-liquid nitrogen slush bath at -125 °C. 
Nitrous Oxide was obtained from a B. 0. C. cylinder, and was purified by 
distillation from an isopentane-Uquid nitrogen bath. 
Carbon dioxide was obtained by purifying commercial 'Cardice' by means of 
distillation at -90°C from an acetone-liquid nitrogen bath. 
Diethyl ketone was B. D. H. 'Analar'grad.. It was purified by degassing from an 
acetone-liquid nitrogen bath, and the purity was checked by gas chroma- 
tography (see Table 12 for conditions). 
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Hexa.fluoroacetone was obtained from a Dupont cylinder. It was purified by pro-
longed pumping at - 130°C using an n-propanol-liquid nitrogen slush 
bath slightly contaminated by isopentane. This led to the removal of 




 and CO 
Z' 
 The purity was verified by 
gas chromatography, using a silica gel column at room temperature. 
The hexafluoroacetone did not pass through the column but the impuri-
ties did and hence pumping was continued until the impurity peaks di.-
appeared from the chromatogram. 




was prepared in this laboratory as described below. 
(ii) The Preparation of Azomethane. 
Azomethane was prepared by the method of Renaud and Leitch 167,  using 
the reaction of sym-dimethyl hydrazine with mercuric oxide:- 
CH3 NHNRCII3 + HgC) 	> GH3NNCH3 + Hg + H 
2 
 0 
10 S. of 1 • 2 dimethyl hydrazine dihydrochloride (Aldrich Chemical Co.) was 
dissolved in the minimum amount of water and was neutralised to litmus, by the 
addition of solid potassium hydroxide. The solution was then adde4to 25g of 
yellow mercuric oxide in a magnetically stirred flask. The additicr  
out slowly, by means of a dropping funnel. The flask was connected, through a 
side-arm, to an acetone..Carclice trap at -78 °C and thence to an isopentane-liquid 
nitrogen trap at -160°C. The system was kept air-tight to prevent the trapping 
down of large amounts of carbon dioxide from the atmosphere. 
UT 
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Osseous azomethane was evolve almost .nsdi*tely even at room 
temperatur., and was trapped over into the cold traps. It was found that the 
azomethans yield was greatest when the volume of water used was kept to a 
minimum, This was at variance with the reported technique of Renaud and 
Leitch 
167 
 which required up to 80 cm  of water in the flask. In the present work, 
it was found to be necessary to warm the flask slightly to remove all the am- 
thane from solution. 
The collected product was dried by passage through anhydrous calcium' 
sulphate. It was d.gas.ed at -160 0C for several hours to remove carbon dioxide. 
Gas chromatographic and mass spectrometric analyses showed It to contain less 
thkr 0.01% of carbon dioxide. The azomsthans was then stored in a blackened 
storage bulb at -1960C. Yields of 60-70% were obtained by this method. 
(iii) jpxtolysi. pf Azomethane Alone and with Sulphur Dioxide. 
Samples of 40 mm Hg of azomethane were photolysed at a number of 
temperatures in the range 25-164°C. Other photolyses were carried out In the 
same range using mixtures of 40 mm, Hg of azorneths and variable pressures 
61 from 0.1 to 200 nun. Hg of sulphur dioxide. The ultra-violet light was filtered 
s4''i a Chance-Pilkington OV I filter glass • which limited radiation to that of 
wavelength greater than 3400 X. mie was to prevent the photo-excitation of the 
sulphur dioxide which shows fairly strong absorption In the rang. 1600-3200 £168, 
and hence to rule out the po.si%ility of insertion reactions of the type proposed by 
Dainton and Ivin 
140  involving photo-excited sulphur dioxide. 
The mixtures were rrade up in one of two ways. If low pressures, 5mm. 
Hg or less, of sulphur dioxide were being employed, the required pressure of 
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sulphur diodde was measured into the manifold and reaction vessel, using the 
butyl phthallate manometer. Tap 4 (see Figure 1) was then closed and the gas 
line manifold was evacuated. An appropriate pressure of azomethane, found by 
experiment to be 80-85mm. Hg, was measured out into the manifold, and the 
azomethane was then expanded into the reaction vessel by opening Tap 4. The 
fina l pressure was read on the mercury manometer and Tap 4 was closed. The 
a.zomethane pressure in the reaction vessel was then equal to the final manifold 
pressure less the measured pressure of sulphur dioxide. Several minutes were then 
allowed to ensure thorough nthdng of the reactants prior to the photolysis. 
When larger sulphur dioxide pressures were being employed, a press-
ure just larger than that required was measured out into the manifold and 
reaction vessel, with Tap 2 closed. The mlidiig vessel was surrounded by a 
liquid nitrogen bath. Tap 2 was opened, and the sulphur dioxide was trapped down 
into the mixing vessel. Tap 2 was then closed and a pressure of about 42 mm Hg 
of azomethne was measured out into the manifold and reaction vessel. This 
was then trapped down into the rràclng vessel, after which the mixture was allowed 
to expand into the manifold, vAth Tap 4 closed, by removing the cold trap and 
allowing the mixture to warm up. Finally, Tap 4 was opened, and the mixture 
was expanded into the reaction vessel. The total pressure could then be read off, 
and, from a knowledge of the proportions of the two constituents, the partial 
pressures of each could be calculated. 
Photolysos were begun and ended by raising or lowering the manually 
operated shutter fitted to the lamp box. Temperature readings were normally 
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taken one minute after the start, and one minute before the end, of the usual 
ten minute photolyses. For runs of longer duration, further checks were made 
on the temperature during the period of photolysis. 
Immediately after the end of the photolysis, the content, of the reaction 
vessel were expanded into the analytical system and were trapped by liquid 
nitrogen into the second cold trap, through Taps 34 and 7. About ten minutes 
were allowed to ensure complete trapping, after which the permanent gas fraction 
was removed by the Toepler pump and transferred to the gas burette. After the 
sue of the sample had been measured, it was transferred to a sample tube and 
removed for analysis. Mass spectrometric and gas chromatographic analysis 
showed that this fraction contained only nitrogen and methane. Tap 7 was then 
closed and a second fraction was removed by distillation from an isopentane-
liquid nitrogen slush bath at -1600  C. This was shown, by mass spectrometric 
analysis, to contain mainly ethane with traces of azomethane and some carbon 
dioxide (which was present an an impurity In the azomethane). 
A few experiment, were performed in which the consumption of sulphur 
dioxide was measured. After the removal of the first two fractions as already 
described, sulphur dioxide was removed by Toepler pumping from an acetone-
liquid nitrogen bath at -900 C. The fraction obtained, which also contained azo-
methane and carbon dioxide, was analysed by gas chromatography. The experi-
mental condition, are listed in Table 12 and measurements of the sensitivity, 
performed by injecting samples of known size, led to a value of 12. 61 planimeter 
units per ndcrornole on attenuator range 4, with a recorder chart-speed of 60 
inches /hour. 
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A few large-scale reactions were carried out in a 250 cm  cylindrical 
pyrex yes, using sulphur dioxide -aso methane mixtures In about a 1:2 ratio 
to a total pressure of about 400 mm Hg. After several hours of photolysis, 
the reaction products were investigated and a reddish-yellow oil .4th a distinc-
tive odour had been formed. This oil was soluble in water, giving an acidic 
solution which decolonrised potassium permanganate solution. An attempt to 
titrate the acidic solution with sodium hydroxide, using a pH meter, showed 
that the acidic part of the oil was only a minor constituent. It seemed likely 
that the acid was methyl suiphinic acid, in view of the similarity of the oil to 
that obtained by Dainton and IvIn 140 in their study of the insertion reaction of 
sulphur dioxide with hydrocarbons. Traces of white deposits on the surface of the 
reaction vessel were found to be water-soluble. No analyses were attempted, but 
it Is possible that these deposits contained dimethyl sulphone. 
(iv) Calculation of Typical Run for Azomethane-Sulphur Dioxide System. 
Run Number 306. 	 Date: 9th November, 1966. 
]Pressure of Asomethane • 44. 2 mm. Hg 
Pressure of Sulphur Dioxide 0 14.4 mm. DBP • 1. 13mm. Hg 
Total. pressure (after 7Yd{ng by first method) • 45.0 zri. 7-19 
Therefore, partial pressure of AzometKne • 43,87 mm. Hg 
Chance OV 1 filter used; Photolysis time • 10 minutes. - 600 seconds. 
Initial potentiometer reading • 0.008610 v. 
Final potentiometer reading • 0.008640 v. Hence. Temperature n 65°C. 
Permanent Gas Fraction 
'foapler pumping gave 6.24 cm. Hg pressure In volume OB at 23 0  C. 




Maes spectrometric analysis: 
Height oflópeak a 534.8mm. 
(both obtained by subtracting background peak 
Height of 28 peak a 10080 nun, 	height from toltal height) 
Then, correcting for difference in sensitivity:- 
Relative height ofl6peak a 534.8/3.9 x 137.1 
Relative height of 28 peak a  10080/3.6 a 2800 
Thus, percentage of N2 in sample a  (2800 z 100) /(2800 + 137. 1) = 95. 33% 
Therefore, amount of N 21n sample a 2.554 x (95. 33/100) • 2.440 niicromoles. 
Hence, amount of methane in sample = 0. 114 micromoles. 
Therefore, the rate of formation of nitrogen is given by:- 
a (2.440 x 106)  x (1/320.7) x (1/600) 
a 1.268x10 1 ' moles. cm 3. sec'. 
Similarly, R 	• 5.925 x 1O' 3moles. cm . sec -1 
Thus the quantum yield of irethane, OCH a  0.05925/1.268 ' 0.047. 
4 
-160°C fraction 
Toepler pumping gave 8.20 mm. Hg pressure in volume OA at 25 °C. 
Therefore, sample also ' 273 
	8.20 	0.1823 - x x a 0.804 rnicrornoles. 
298 76 22400 
From mass spectrometric analysis: 
Height of 15 peak a  174. 3 mm. 
Height of 30 peak • 814 mm. 
Height of 44 peak a 1389 mm. 
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The ethane gives a peak at 15 which was found by experiment to be 8.8% of the 
ethane peak height at 30. Hence the peak height at 15 is corrected by subtracting 
an amount equal to 814 x(8.81100) a 71.6 mm. 
Relative height of l5peak a 102.7/3.9 a 26.3 
Relative height of 30 peak a 814/5. 5 • 148.0 
Relative height of44 peak a 1389/4.1 • 338.8 
Hence, percentage of ethane a  (148 xlOO)/(148 + 26. 3 + 338.8) a 28. 84% 
Therefore, amount of ethane a  0. 804 x (28. 84/100) z 0. 232 micromoles. 
Rc H (0.232 x 10_6)  x (1/320.7) x (1/600) • 1.206 at iO2  moles.  cm3.  Doc l 
26 
Correcting for Intramolecular eth an 
corr. -12 	-3 	-1 • R 	-O.007xR 	a 1.117x10 moles. cm-  .sec 
C'H 	 26 	 N 2 6 2 
Thus the quantum yield of ethane, 0 C H - 0.1117/1.268 0.088. 
26 
273 	43.87 	1 	
•2.081x10'6 Original concentration of azoinethane 	x 760 z 22.400 
moles. cm  
Mean concentration of azomethaLne • Original concn. - 'N x t 1) 
-6 	
_32 
2.078x10 moles. cm  
(where tj represents half the photolysis time, in second.). 
R 	. the rats of formation of methane by abstraction of hydrogen from azo- 
meths.ne by methyl radicals, I. given by:- 
	
azo 	
k abo CH 
a 
4 	(1 comb 
(R.cp ) 	(!) 
(where kb and kcomb are the rate constants for the abstraction of hydrogen by 
methyl radicals from azom&hsn and for the combination of two 'r thyl radicals, 
respectively). In this case:- 
0.175x 1.057x 10 6 x2.078x 10- 6 w 3.844x 10- 13 CH4 
-3 	-1 cm .sec 
Therefore: ..(J azo 0 0.0384/1.268 a 0.030. 
CH 4 
Hence, the quantum yield of methane formed by abstraction by ua thyl radicals 
from methyl suiphonyl radical., 0 
CH4 a 
0. 047 - 0.030 a 0. 017. 
(v) 	Phco1ysis lAzomethanovdthoxyllen  
Mixtures of azomethane and oxygen were made up by the first of the t 
methods described above in section (iii). Runs were carried out in the temperature 
range 25-1500  C using mixtures of 40 mm. Hg of azomethans and  mm. HS of 
oxygen. A few experiments were performed using lower oxygen pressuzes and 
in such cases the oxygen pressures were measured out using the dosing unit, 
as already described. 
The reaction products were separated by low temperature distillation 
at -1960C and -1600C In the usual manner, and were analysed. The -1960C fraction 
was analysed by gas chromatography. The presence of oxygen ixade mass spec-
trometric analysis impossible, as the oxygen tended to oxidise the mass spec-
trometer filament, and to give a large peak at mass number 28, corresponding 
to carbon monoxide. The gas chromatographic separation was carried outdoing 
a molecular sieve column, with the experimental conditions as described In Table 
12. The fraction was found to contain oxygen, nitrogen, methane and carbon 
monoxide. Calibrations were performed using mixtures of known composition, 
and led to the determination of the relative sensitivities 0. 99, 1.08 and 1. 16 
respectively for oxygen, methane and carbon monoxide, calculated relative to 
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nitrogen • 1. Thu., the size of the -196 °C fraction was measured in the gas 
burette, and a sample was then transferred to the injection system by direct 
expansion from the gas line. The proportions of the components of the fraction 
were then calculated from the relative sises of the peaks • and hence the absolute 
amount of each product could be calculated. 
The fraction obtained at -160°C was analysed by mass spectrometry. 
It was found to contain ethane, carbon dioxide and nitrous oxide. 
(vi) The Photolysis of Azomethane with Sulphui Dioxide/Oxygen Mixtures. 
At several temperatures between 50 and 150 °C, experiments were 
carried out in which 40 mm. Hg of azomethane was photolysed together with a 
mixture of 1 nun. HS of oxygen and a variable pressure of from 1-5mm. Hg of 
sulphur dioxide. The reaction mixture was prepared by making up an azo-
m.thnesulphur dioxide mixture In the mixing vessel by the second method 
described above, and then expanding this into the reaction vessel, into ithich 
1 mm. Hg of oxygen had already been transferred. The analysis of the fractions 
was performed exactly as described for the products In section (v) and the same 
components were observed in the analyses.  
(vii)The Photolysis of Diethyl Ketone and Sulphur Dioxide. 
In the photolysis of mixtures of diethyl ketone and sulphur dioxide a 
Chance-Pilkington OX 1 filter glass was used to limit the radiation to that in the 
) > 3100 X region. Hence the photo-excitation of sulphur dioxide could be kept 
to a minimum, while the ketone, which absorb, in the range 2200 to 3400 X 168, 
could be satisfactorily photolysed. Figure 2 shows the absorption spectra of 
diethyl ketone and sulphur dioxide, and also the transmission characteristic 
of the OX 1 filter. 
7? 
A series of preliminary experiments was performed, in which the 
ketone was phtolysed alone in the temperature range 40-115°C, using a pressure 
of about 15 mm. Hg of ketone. Photolyses of mixture, of 15mm. Hg of ketone and 
variable pressures of sulphur dioxide, were then photolys.d in the temperature 
rang. 28-75°C. 
Fractions of reaction products were removed using a liquid nitrogen 
cold trap at -196°C, an isopentane -liquid nitrogen bath at -160 0C and an n-pro-
panol-liquid nitrogen bath at -125 °C. These fractions were analysed by mass 
spectrometry. The -196°C fraction was found to contain only carbon monoxide, the 
- 160°C fraction contained ethane, ethylene and traces of carbon dioxide and the 
-125°C fraction contained n-butane and carbon dioxide. The carbondioxida was 
present in trace amounts in the diethyl ketone. 
(viii) The Photolysis of Hexafluoroacetone and Sulphur Dioxide. 
Hexafluoroacetone and sulphur dioxide mixtures were photolysed, using 
an OX 1 filter glass, In the temperature range 50. 250 °C. A few runs were also 
performed in which the hexa.fluoroacetone was photolysed alone. In all cases, the 
permanent gas fraction was removed and ww found by mass spectrometry to be 
pure carbon monoxide. Low temperature distillation proved unsatisfactory for 
the separation of the residual products and hence the entire sample was analysed 
fry, gas chromatography, thus enabling the no alurement of the amount of heza-
fluoroethans present. Calibration of the katbarometer with samples of hexa-
fluoroethane o. kag wu iie l.*a to the  sensitivity value of 108.9 planimeter unit, 
per micromole an 'frenuator rang. 5 with a chart speed of 30 Inches per hour. 
The column conditions are given in Table 12. 
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Several large-scale photolyses were performed In a one litre bulb, In 
which mixtures of about 400 mm. Hg of hexafluoroacetone and 200 mm. Hg of 
sulphur dioxide were irradiated using the full arc of a mercury-vapour U. V. 
lamp, for period& of several weeks. Carbon monoxide and hexafluoroeth ,tne 
were produced, together with a colourless liquid with a boiling point in the 
range 5-150C. Samples of this liquid were analysed by means of a Bendix 
time-of-flight mass spectrometer, and it was concluded that the liquid consisted 
of hexafluorodimethyl suiphone and hexafluorodiznethyl disuiphone, of 'vthich the 
latter was the major constituent. 
RESULTS AND DISCUSSIONS. 
i). THE PHOTOLYSIS 01 AZOMETHANE. 
In this work, photolyses of azomethane, (A), were carried out in the 
temperature rang. 25-164 °C, using pressures of about 40 mm. Hg. of 
aaornethane. The photolysis of asomethane under such conditions has 
been well studied 
45,87 
 and the mechanism of the photochemical decomp-
:osition has been shown to b.:. 
A + hv—*2 Ch, i 	 (1) -) 2 
A + hv —C2H6 + IN z 
	
( la) 
CH  + CH34G2H6 	 (2) 
CH  + A —CH4 + CH2NNCH3 	 (3) 
CH  + e -.-- (c1-1
3)z
NNcH3 	 (4) 
CH  + (CH 3 )2NNcH 3- ( CH 3 )2NN(cH3 )2 	 (5) 
The intramolecular elimination of .thane in the primary decornp-
:ositlon process has been well established 87, 169 Values of 0. 009169 and 
U. U06 87  were obtained for the quantum yield of ethane produced in this 
way, taking the quantum yield of nitrogen as unity. In the present work, 
the extent to which reaction (la) was important was determined by perform-
:ing a number of experiments in the presence of high pressures of sulphur 
dioxide. The limiting high-pressure value for the quantum yield of ethane 
was then measured, and was found to be (0. 007 + 0. 003), where the error 
limits quoted represent the standard deviation of the results obtained. 
79. 
Table 15. 







0 . rum. Hg. micromoles niicroznoles 
10 25 20.2 670 0.021 0.003 
13 25 4.75 7.95 0.063 0.008 
26 25 1.09 5.55 0.040 0.007 
99 65 5.40 1.93 0.231 0.012 
118 85 . 	 14.8 2.91 0.026 0.009 
119 85 25.7 1.53 0.078 0.005 
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The values used in this calculation are listed in Table 15. In all sub. 
sequent references involving asomethane or mixtures which include 
azometh.e, the ethane yield has been corrected for the intramolecular 
contribution, and the corrected value of the rate of formation of ethane, 
l. 	11 ha. been used in calculations. C2H6 
From the above reaction scheme we can say that: - 
k3 . (CH3 ). (A) 	 (A) 
• 	a k2 . (CH 3 )2 	 (B) C 2H6 
where R denotes the rate of formation of X in moles. cm 3 0 sec 
-1 
 and 
(X) the mean concentration of the species X in moles. cm 3. This 
notation is used throughout. Combining equations (A) and (B) leads to the 
expression: - 
RCH  
4 	 (C) 
(R C 
2 H 
 6 )+ (A) 
The addition of methyl radicals to aaom.thae to form triniethylhy-
:drasyl radicals and tetramethyl hydrazine (reactions 4 and 5), occurs to 
a significant extent in the system and the number of methyl radicals 
reacting in this way can be calculated using the carbon-balance method of 
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Jones and Stsacie' The results may be treated in one ol two ways. If 
it Is assumed that all the methyl radicals which do not react by reactions 
and (3) add on by way of reaction (4), then. as two methyl radicals are 
formed for every molecule of nitrogen, it is possible to say that:- 
-. 2 R N 2 (R CH+ 2 RCH) 




CH 3 A 
	k4 	
(E) 
(Rc)1u (A) 	(k2 )1 
Alternatively, the two-stage process reaction (4) followed by reaction 
(5), may be considered V e will refer to this as reaction (6):- 
2 CH  + —* (CH 3 )2NN(cR3)2 	 (6) 
A material balance may be used to calculate the rate of formation of 
tetraznethylhydraaine, (TvUi). It I. assumed that reaction (4) is rate. 
determining and that one molecule of methyl ethyl di-imide is formed for 
every molecule of methane formed, as the radical produced in reaction 
would be expected to undergo a subsequent addition reactioiu-
CH3 + CH2NNC}L-4 C 2H5NNCH3 	 (7) 
Thud  
Thus it is possible to say that: - 
R 	a TMH j(ZRN 	(ZRCH+ZRCH)) 
Therefore: - 
RTMH 	a 	 (0) 
(R 	)1• (A) 	(1c) 
The experimentally determined rates of formation of methane, ethane 
and nitrogen were used to evaluate expressions (C), (E) and (0). A value 
of 13.34 was assumed 
6 
 for log k2. The results were plotted against 
10 3 /  T to obtain the appropriate Arrhenius parameters, and the data thus 
obtained were treated by the method of least-mean squares. The results 
used are presented in Tables 16 and 17 and the three Arrhenius plots are 
shown in Figure 3. The following results were obtained:. 
log k3 a (11.55 + 0.10) - (8.70 + 0,20)/2.303 RT 
log Ic4 	(10.80 + 0.32) - (5.80 + 0.60)/2.303 RT 
log k = (10.23 + 0.34) - (5.40 + 0.60)/2.303 RT 
ftl (k and Ainmoles .cm .sec ; Ein kcal. mole ). 
The error limits quoted represent the 95% probability limits, that l, 
twice the calculated standard deviations. The agreement between the two 
activation energies, E4 and £6,  is considered to constitute evidence in 











Photolysis of Azomethsis Along; - 1ate Constant for Abstraction Reaction. 
Run Temp. 	103/T 	 R 	 (k CH (RCH)4 (Azo) k3 / 7 
41 125 2.513 25.92 5.535 2.095 1.845 1.432 
43 00 to 23.74 5.036 2.235 1.732 1.301 
51 of it 21.10 4.407 1.899 1.678 1.383 
68 of 19.65 4.013 1.749 . 	0 1.270 
90 to 18.54 3.620 1.649 1.D74 1.394 
92 65 2.959 20.69 1.196 3.055 2.082 0.188 
102 85 2.793 15.40 1.437 2.214 1.832 0.3543 
112 of of 15.53 1.359 2.265 1.805 0.332 
120 105 2.646 15.45 2.188 2.230 1.760 0.558 
121 to of 14.67 1.941 1.893 1.692 0.606 
127 150 2.364 14.23 4.076 1.006 1.520 2.666 
134 of of 14.12 3.793 0.839 1.550 2.918 
136 of to 13.95 3.719 1.009 1.495 2.466 
139 145 2.392 14.62 3.714 1.213 1.573 1.947 
147 164 2.288 13.12 3.966 0.849 1.441 3.240 
155 to of 12.54 3.373 0.861 1.508 2.599 
156 it to 11.16 3.651 0.867 1.428 2.949 
158 42 3.175 13.29 0.451 3.068 2.144 0.069 
159 it of 12.96 0.435 3.003 2.134 0.068 
(Rates in 10 12  moles. cm.3 
.1 
• s.c 	; Temp. in 
0 
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Photolysis of Asomethane Alone;- Rat. Constant* for Addition Reactions. 
Run 	RCHA 	k4/(k2 )1 
41 37.17 9.617 15.81 4.091 
43 32.14 8.303 13.56 3.503 
51 30.28 9.501 12.93 4.057 
68 28.89 9.142 12.44 3.937 
90 27.75 10.69 12.07 4.649 
92 21.23 3.338 10.01 1.574 
102 19.36 4.773 8.76 2.160 
112 19.23 4704 8.93 2.184 
120 18.54 4.724 8.17 2.082 
121 20.04 6.257 9.05 2.825 
127 22.17 14.50 9.05 5.919 
134 22.83 17.56 9.52 7. 3Z3 
136 21.96 14.56 9.12 6.047 
139 22.37 11.72 9.33 4.890 
147 20.65 16.87 8.34 6.814 
155 20.05 15.45 8.34 6.425 
156 17.02 13.75 6.68 5.396 
158 7.12 1.082 3.34 0.508 
159 7.26 1.133 3.41 0.532 
(Rat..! 
He 
(Rate. in lO 12 mole .. c 	.aoc 
ftl 
3/ 2 -1 cm . Sec 
Rate expressions in rnoi..k 
These Arzhsnius parameters are in good agreement with those 
reported by other workers. Toby and Nimoy87 have reported values for 
log A3 and £3 of 11.47 and S. 7 respectively. Jones and St.acio obtained 
values for E4 and Z of 6.4 and 6.3 kcal. mole- I respectively and, as 
their calculation did not include a correction for intramolecular ethane 
formation, the degree of agreement is considered satisfactory. 
Some curvature was observed in the Arrbenius plot for the abstraction 
reaction (2), at temperatures below 35 °C. The effect has also been 
observed by other workers 
43 
 butno satisfactory .zpla.nation has been 
produced to account for this. 
83. 
2). THE PHOTOLYSIS OF AZOMETHANE IN THE PRESENCE OF 
SULPHUR )I.lLE, 
';ban uomethne is selectively photolysed in the presence of sulphur 
dioxide the following reactions need to be considered in addition to the 
reactions (1) to (7) already discussed:- 
Cli3  + 502 	CH3501 	 (8) 
CH3802 — GH3 + SO 2 	 (9) 
	
CR3  + CH3SGZ 	) OH 4 + CH2802 	 (10) 
CH 3 + CH 3S .. 	) ;H3302CH3 	 (11) 
C113SU + I'. 	 ri 3802H + CH2NNCH3 (12) 
CH3802 + A 	> CH ?02A (13) 
2 CH3SC 2 	> cF13502502CH3 	 (14) 
Because only small amounts of sulphinic acid were detected In the 
products of the large-scale experiments, it in reasonable to suppose that 
reactions (12) only occur, to a small extent. This Is rather to be expected 
because e. a. r. experiments 
126 
 have shown that the free electron is 
largely on the sulphur atom whereas for sulphinic acid formation the free 
electron would need to be associated with one of the oxygen atoms. In 
addition, reactions (12) and (13) are likely to have appreciable activation 
energies ( 5 kcal. znol. or more ) and hence would not be expected to be 
84. 
significant except possibly at high sulphur dioxide concentration.. 
Reaction (14) might be regarded as a possible pathway at high sulphur 
dioxide concentrations, but aliphatic di.ulphon.s are known to be 
difficult to prepare and dimethyl disniphene appear, to be an unknown 
compound. Reaction (14) is therefore unlikely to be important in this 
system, and consequently reactions (9). (10) and (11) are regarded as 
accounting almost exclusively for the removal of any rn.tbylulphonyl 
radicals formed by reaction (8). 
The radicals CH2NNCH3 and (CH 3 )2NNCH3 are also produced in the 
system and may possibly react with sulphur dioxide. Howver, in view 
of the facility with which methyl radical, react with sulphur dioxide and 
because the Concentrations of these two radical species will be small, it 
is unlikely that appreciable errors will be introduced by ignoring the 
possibility of such addition reactions. The similarity of the results 
reported below for (I) an indirect method based upon a material balance 
and (ii) a direct method based on the consumption of sulphur dioxide, is 
good evidence for the reasonabismeis of this assumption. In any event, 
the occurrence of subsequent reactions of the type:. 
SO 2 
	3 
ACH + CI-i. 	) :H38O2ACH3 	(15) 
C}INNC}1SO2 + CH 	) H3NNCII2SO2CH3 (16) 
would restore the material balance and reduce the error involved. 
85. 
The extent of formation of the methylaulphonyl radicals can be studied 
qualitatively by observing the effect of increasing the sulphur dioxide 
concentration upon the yield of ethane. Since reactions (8), (10) and (11) 
provide paths for the removal of methyl radicals in addition to those 
offered by reactions (2) to (7), their occurrence should lead to a reduction 
in the ethane yield. Such a reduction was, in fact, observed and Figure 4 
shows data obtained in the temperature range 25 
0 
 C-164 0C and at various 
sulphur dioxide pressures, the &som.the pressure being kept constant 
at 40 nun. Hg. 0 C 2  H 6/ OCO H has been plotted against the sulphur 
26 
dioxide pressure, measured In mm. Hg. • where 0. H 	the quantum 
26 
yield of ethane in the absence of sulphur dioxide. The data used is listed 
in Table 18. 
It is clear from Figure 4 that at 164 0C, the presence of 40 mm. Hg. 
of sulphur dioxide has no effect on the quantum yield of ethan., and this 
suggests that reaction (8) does not occur to any significant extent at this 
temperature. As the reaction temperature is lowered, however the 
effect of sulphur dioxide upon the formation of ethane becomes more 
pronounced until, at 250C, the addition of 1 mm. Hg of sulphur dioxide is 
sufficient to reduce the quantum yield of ethane to the level of the intra. 
:molecular contribution only. These qualitative observations are in 
agreement with the predictions based on the calculated equilibrium 
Table 18. 
Ihtbition of Qu4um YL.Jd.* af Ethae!Ed Me4hae by Sulphur DiozLde. 
total 
C 
Run, P 110• P802 	0c2H6 	H / la 2 6 C 2H6  DCH 	}1 
25°C. rnm,Hc mm. H S  
7 44.0 ID 0.684 - 0.019 
10 39.2 20.2 0.003 0 1 005 0.003 0.002 
13 39.2 4.75 0.008 0.012 0.008 0.006 
14 38.2 1.76 0.012 0.018 0.015 0.013 
15 40.6 0,42 0.217 0.319 0.022 0.012 
16 38.3 2.45 0.012 0.018 0.011 0.009 
17 41.4 0.74 0.017 0.025 0.017 0.014 
18 41.0 0.76 0.037 0.054 0.015 0.011 
19 39.4 0. 39 0.202 0.297 0.023 0.014 
20 39.1 0.53 0.246 0.362 0. 023 0.013 
24 41.6 0 0.676 . 0.021 ft 
25 40.8 0.64 0.029 0.043 0.021 0.017 
26 39.5 1.09 0.007 0.010 0.014 0.012 
27 39.9 o.66 0.021 0.032 0.030 0.027 
28 39.4 0.17 0.447 0.657 0.022 0.006 
29 40.6 0.23 0.321 0.472 0.031 0.018 
65°C9' 41.2 2.6 0.029 0.063 
0.062 0.048 
92 44.0 0 0.458 • 0.058 
423 0.65 0.182 0.397 0.049 0.014 
94 39.8 Z. 0 0.063 0.136 0.055 0.036 
95 41.2 1.16 0.123 0.269 0.055 0.026 
96 39.3 0.26 0.328 0.716 0.037 0 
97 43.1 3.92 0.021 0.046 0.049 0.037 
98 365 3.13 0.021 0.046 0.047 0.036 
99 0 39.0 5.40 
0.012 0.026 0.040 0.031 
c. 
112 404 0 0.337 - 0.058 - 
113 41.6 2.7 0.129 0.383 0.055 0 
114 43.6 4.3 0.069 0.205 0.076 0.033 
116 42.4 6.9 0.033 0.098 0.071 0.046 
117 43.8 10.7 0.014 0.042 0.063 0.045 
118 42.4 14.8 0.009 0.027 0.053 0.039 
119 43.0 25.7 0.005 0.015 0.041 0.030 
86. 
Table 18 (Contd.), 
Run. P 
 *LO. 	 C2H6 	t C2}16' 0 C R 2 	CR4 CH 4 ( 10) 
105°C. nun. Hg nun. HS 
121 4010 0 0.251 0.132 
122 39.2 5,0 0.164 0.653 0 1 095 0 
123 42.2 9.4 0.112 0.446 0.079 0 
124 43.8 18.1 0. 026 0.104 0.066 0.023 
125 44.4 13.5 0.050 0.199 0.065 0.002 
126 428 263 0.024 0.096 0,071 0,030 
1250ç, 
83 39,2 7,6 0.103 0.669 0.159 0 
85 396 3.2 0.127 0.831 0.164 0 
86 396 21.,4 0.081 0.526 0.135 0 
87 39.6 55.4 0,031 0.201 0.112 01012 
88 413 41.5 0.046 0.299 0.126 0.015 
89 40.7 333 0.065 0.422 0.126 0 
90 39.2 0 0.154 • 06195 - 
150 0C. 
128 42.0 20.8 0,062 0.785 0,242 0 
129 41.6 39.0 0.046 . 	0.582 0.223 0 6 010 
132 44,4 49.9 04,029 0.367 0.207 0.030 
133 422 40.7 04037 0.468 0, Z03 0.007 
135 422 18.5 0.066 0.835 0.248 0 
136 39.8 0 04,079 db 0,279 
1640C. 
146 386 36,8 0,063 094 0,269 
147 394 Oi 0.062 . 0.302 
148 40.9 27.3 0.073 1.09 0.273 
150 39.6 9.4 0.070 1.04 0.281 
152 39.5 14.3 0.067 1.00 0.269 
153 39.1 15.5 0.066 0.99 01268 
155 41.2 0 0.066 - 0.269 
156 39.0 0, 0.074 0.327 
. 
ble 18 (Contd. 
total 
Run. P 




65°C. with added CO2 . 
356 430 3.90 14.7 0.005 0.011 0.041 0.041 
357 4Z* 0 2.96 35. 11 0.024 0.053 0.046 
358 44.7 3.46 26.. 0.012 u.026 0.052 0.044 
359 43.3 2.74 4-. I . 	J1s 0.041 0.050 0.038 
360 422 0.89 9.2 0.125 00' 273 0.048 0.011 
86c 
V-4  
FIGURE 5: DEPENDENCE OF QUANTUM YIELD OF METHANE FORMED BY 
ABSTRACTION FROM METHYLSULPHONYL RADICALS J UPON 
SULPHUR DIOXIDE PRESSURE. 
U 
• 25° C. 
~CH4 (io) 
	 o 65° C. 













constant 12 in that. If the activation energy for reaction (8) is s'll, and 
that for the decomposition reaction (9) is large, then, as the tpsrature 
is increased, the equilibrium would be expected to move from CH3802 in 
favour of CH  and 8020 
In the reaction scheme outlined above there are two sources of 
methane, namely hydrogen atom abstraction by methyl radicals from 
asoniethane, reaction (3), and radical-radical diuproportionation between 
ethyl and m.thylsulpbonyl radicals, reaction (10). The methane formed 
the abstraction reaction may be calculated from a knowledge of the rate 
of formation of ethane, using expression (C). Thus the rate of formation 
of methane by disproportionation can be calculated. Figure 5 illustrates 
some of the data obtained in this way. The quantum yield of methane 
formed by reaction (10), Jb Cjj  (10), has been plotted against the!sulphur 
4 
dioxide pressure for a number of temperatures 4n the rang. 25..Ió4 C O  
and the results are tabulated In Table 1$. 
The observed tendency for 
tCH  (10) to increase to a rnawtvnum and 4 
then to fall off as the sulphur dioxide pressure is increased may be 
szpl*Ined on a qualitative basis. As the sulphur dioxide pressure is 
increased from usro, the concentration of inethylaulphonyl radicals will 
increase, and hence the rats of reaction (10) will increase. As the 
sulphur dioxide pressure increases still further, however, the concsn- 
concentration of methyl radical. In the system will be rducsd, and 
eventually this factor will predominate, causing the rat, of reaction (10) 
to decreas. again. 
The total number of methyl radical, released into the system from the 
photolysis of a.om.thane Is equal to twice the nitrogen yield, once the 
correction for the introleculu formation of ethane has been made. U 
we consider, as has been discussed above, that all the methyl radicals can 
be accounted for by the production of .thane, methane (by two methods), 
tetramethyihydrasine (TMH) and dimethyl suiphone (DM8), then it I. 
possible to derive the material balance: 
ZRN 
2 
at 2 R C 
z 
 H + RcH(3) + ZRcH( 1 o)+ 2 RTMH+ 2 RD}45(H) 
The term involving R 	(10) has the factor of two because, although theCH 4 
methane itself us.s only one methyl radical, the prior consumption of a 
second methyl radical by reaction (8) is neceuary. The rates of form-
:ation of nitrogen and eth.ne are measured directly, the rates of formation 
of methane by the two possible reactions (3) and (10) can be calculated from 
the measured total rats of formation of 	and the rate of formation 
of t.trsmethylhydrs.slne can be calculated using. the observed rate of form-
:ation of ethane and expression (0). Hence the rate of formation of 
dimethyl suiphone can be calculated. 




R CH so k 8 3 	2 	9 	3 2 	10 (CH ). (so ) - k (CH SO ). (k + k ) (CH 3 ). (CH 3sO2) 
Therefore:- 
(CH 3S02) - k8(CH3). (SOz) 	
(I) 
+ (k10+ k 1  (CH 3 ) 
It is possible to -simplify this prsssion by assuming that 
k9 )>(k10 + ku) (CR 3). This will be true for low methyl radical 
:trations, that is, for relatively high sulphur dioxide pressures, and for 
fairly high temperatures, for which k 8 will be larger. This simplification 
is tantamount to assuming that the equilibrium reactions (8) and (9)  are 
faster than reactions (10) to (14) and hence that methyl and mathylsuiphonyl 
radicals will be present in their equilibrium proportions. Detailed invest-
igations of the system were therefore carried out in the temperature 
rang. 50°C-85 0C, because in this region the temperature should be high 
enough to make k9 large, without bein, so high that the concentration of 
methyl radicals is not greatly affected by the addition of sulphur dioxide. 
It was then possible to rewrite expression (I):. 
(CH 3so2 ) 	k0 (CH 3). (sot) 
k9 
and hence, since we know that:. 
R/ 
RCH(10) * k10(CH3 ). (CH3502 ) 
and:. 
1 (CH 3 ). (cH3so2 ). 
It is then possible to substitute expression (I) into both of the.e equations, 
giving the two rats expressions:. 
k8k10 	
(3) 
RCH (soz) 	k 9  k 2 
RDMS 	a 
 
RCH 	 k 
9 
 k 2 
The mean sulphur dioxide concentration I. calculated from the initial 
concentration by assuming that 1 molecule of sulphur dioxide is consumed for 
every molecule of DM8 and CH4(l0) formed, 
Experimental results obtained at 50, 65, 75 and 85 °C were treated by 
expression. (3) and (K). The data is summarised in Table 19. Figure 6 
illustrates the results obtained plotted against 10 3/T. Statistical analysis 
of the results yielded a best straight line from which the appropriate 
Arrhonius pararncters could be deduced. The data were thus found to be 
represented by the equations:- 
log k8k10 (moles. cm 3) * (-4. 94 + 1. 06) + (18. 58 + 1.64) x 
k k2 	 2.303RT 
log k8k11 (moles. cm" 3 ) 	(.4. 	0. 72) + (20.89 + 1. 12) x 103 
k k2 	 2.303RT 
90. 
.-Le of iorrtiun oi roducts aaid Rate Constant Ratios for the Photolysis 
Azon-iethane in the Presence of Sulphur Dioxide. 
(SO 2) k RN RCH ( 10 ) RD (3) (K) C2H6 - 
50 C -6 zlO xlO 
0.254 21.2 10.39 0.577 0.333 0.188 7.67 14.7 5.99 
0.361 21.0 9.66 0.327 0.343 0.240 8.19 25.6 8.73 
0.264 21.2 9.36 0.421 0.364 0.242 7.63 25.8 8.14 
0.131 21.8 10.65 1.133 0.463 0.247 7.39 17.9 5.35 
0.143 20.9 9.55 0.962 0.327 0.138 6.79 10.8 5.32 
0.450 21.1 9.13 0.156 0.286 0.224 8.21 54.2 19.8 
0.579 21.2 9.03 0.151 0.234 0.174 8.26 34.3 16.3 
0.425 21.9 9.59 0.187 0.281 0.208 8.56 40. 11',.8 
0.288 21.8 9.36 0.385 0.338 0.220 7.75 23.: 8.41 
0.104 22.7 9.78 1.12* 0.385 0.161 6.60 14.., .o1 
(Concentration. in 107  moles. cm 3 ; rates in 10 	moles. cm' 3 . eec 1 ) 
650C 
0.347 19.5 12.44 2.375 0.541 0G24 6.37 0.30 0.80 
0.378 19.8 14.05 2.058 0.624 0.139 8.04 1.88 1.09 
0.518 20.9 14.14 0.816 0.764 0.666 11.97 18.0 3.23 
0.639 20.6 13.15 1.014 0.546 0.201 9.50 3.40 1.61 
0.720 20.2 12.95 0.935 0.572 0.247 9.48 4.07 1.56 
0.613 21.3 11.66 0.639 0.676 0.397 8.61 11.6 2.52 
0.307 20.2 13.18 2.554 0.676 0.121 6.58 1.60 0.87 
0.371 19.4 12.51 1.793 0.603 0.160 7.43 2.53 1.18 
0.205 20.6 13.41 3.143 0.681 0.051 5.77 0.82 0.92 
0.458 20.3 12.83 1.497 0.608 0.188 8.17 2.91 1.27 
1.074 18.6 11.48 0.359 0.395 0.223 9.68 7.47 3.24 
0.926 19.8 12.07 0.345 0.645 0.468 10.02 19.4 4.16 
0.781 19.4 11.67 0.463 0.629 0.414 9.29 13.9 3.12 
0.799 20.4 12.32 0.551 0.691 0.448 9.60 12.1 2.58 
0.650 19.6 11.93 0.697 0.619 0.350 &.98 8.79 2.25 
0.641 19.5 11.58 0.638 0.634 0.377 9.74 10.4 2.41 
0.509 20.8 12.68 1.206 0.593 0.208 .63 3.66 1.52 
0.955 21.2 12.55 0.466 0.598 0.370 10.10 10.4 2.83 
1.224 19.4 11.88 0.238 0.593 0.459 10.23 24,2 5.40 
0.995 19.0 11.77 0.497 0.525 0.311 9.45 7.55 2.29 
1.089 20.6 11.84 0.388 0.546 0.347 9.70 10,5 2.93 
7 	.3 	 12 	.3-1) Concentrations in 10 moles. cm ; rates in 10 mole.. cm • s.c 
90b. 
Table 19 (Contd.) 
(so) 	(A )R 
2 aye 	av. 	N2 	C.H. CH 	







0.591 19.0 10.14 0.717 0.634 0.247 6.76 647 1.77 
0.883 19.1 9.80 0.743 0.634 0.237 6.03 3.98 1.01 
0.346 19.4 9.83 0.572 - 4.31 - 0.77 
0.435 18.8 9.61 2.157 0.530 - 3.89 a- 0.43 
0.611 18.6 9.73 1.346 0.582 0.049 4.77 0.62 0.61 
0.661 20.0 10.16 1.445 0.619 0.024 4,99 0.27 0.55 
1.083 19.7 10.22 0.707 0.650 0.252 6.71 3.66 0.98 
1.348 19.3 9.64 0.356 0.603 0.340 7.35 8.72 1.88 
1.528 19.5 963 0.385 0.723 0.444 7.15 916 1.48 
1.139 18.5 962 0.530 0.593 0.273 6,80 5.18 1.29 
0.806 18.2 9.27 0.858 0.577 0.166 5.69 8.90 0.26 
850C. 
2,017 18.0 11.04 0.707 0.748 0. Z31 7.15 1.82 0.56 
1.552 19.0 10.68 0.551 0.774 0.300 7.08 4.05 0.96 
0.996 19.0 11.30 1.954 0.790 - 5.01 - 0.27 
1.027 18.9 10.81 1.632 0.774 w 4.94 • 0.31 
1.555 19.0 13.01 0.509 0.826 0.381 949 5.86 1.46 
1.456 18.2 10.34 0. 	20 00686 0.079 5.97 064 0.48 
2205 17.6 10.25 0.452 0.728 0.334 714 3.98 0.85 
1.344 19.8 10.79 1.124 . 0.086 5.60 0.67 0.46 
1.810 18.7 9.97 0.639 0.676 0.166 6.29 1.61 0.61 
1.618 18.8 9.64 0.572 0.671 0.188 6.14 2.30 0.75 
(Concentrations -in 
7 
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FIGURE 6 ARRHENIUS PLOTS FOR METHYL 
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Of the two sets of data plotted in Figure 6. those based onRCH (10) 
4 
have the advantage of being derived from an experimentally observed 
quantity.. However, Rc (10) is small and difficult to measure with great 
4 
accuracy* RDM$. on the other hand, although obtained indirectly, depends 
mainly upon the value RN which is large and comparatively easy to measure. 
2 
Thus the scatter of experimental points is less when expression (K) is 
used, though within the error limits quoted, which are twice the calculated 
standard deviations in each case the Arrh.nius parameters are the same 
for both expressions. As it is considered that the results from express-
don (K) are probably more accurate, however, the.* results will be used 
for the purpose of comparison with the theoretical predictions. 
It isflr.t possible, however, by comparing the two rate expressions, 
to calculate the disproportionatfou.combiaton ratio for methyl and 
msthylsulphonyl radicals. It can be seen that the division of (.T) by (K) 
will give the ratio k10/k11 which is equal to the disproportionation-cembin. 
:ation ratio (CH 3 . CH3802 ). The data would seem to indicate a small 
activation energy, of the order of (2 + I. S)kcaLrrr1e" 1 but this I. probably 
spurious because disproportlonation reactions are usually found to have 
zero activation energy 12. Comparison of the two sets of data leads to a 
valu, for A.(CH3 , CH3602) of 0.04 at 25°C. 
In order to obtain a value for the m.thyl.methylsulphonyl equilibrium 
constant from expression (K) it is first necessary to evaluate the rate 
92. 
constant for the combination reaction (11). k2 being already known. This 
evaluation may be carried out  indirectly from a knowledge of the Arrhsniva 
parameters for the reverse reaction, the decomposition of dizn.thyl sulphone 
into a methyl radical and a methyl suiphonyl radical. The decomposition 
has been studied 
 110 
 in a Lest ilow system and values of.lo A and F. of 
14.33 s.c_ I and 60.6 kcai mole - I have been reported. 
Now, if we consider an equilibrium reaction of the type: - 
C}i3SOaCH3 . " 
	 •+ CH3302 
and assume that the reverse reaction has aero activation energy, then we 
can say that 17 
171 : _ 
S 
A r a .xp (fs/R) 
and hence:-. 
lcAf a log 	+ LSS/2.31i. - 4.8 
.1 	-.1 
is the overall entropy change in caL deg . mole • at 1 
atmosphere pressure and Z5C, and the term 4.8 corrects for the change 
in the number of molecules when the reaction occurs. 
Using the entropy values 
172, 
 80 (CH 3502) 70. 3, 80 (CH 3) 45. 5 and 
0 (CH 38O2CH3) 76.2 cail.d.j 1 • mole " . (298 0K, standard state I 
atmosphere) It I. possible to calculate 2~5 as 39.6 cal. deg 1 . mole 4 , and 
hence to obtain log (A/Ar)  as 3.85. From the experimental A factor 
determined by Busfield and Ivin of 14.33, we can then say that log A 
log A 11 	10.48. As reaction (11) is a combination reaction between two 
93. 
free radicals, it may be assumed to have zero activation energy, and hence 
log A 11 = log k11 a 10.48 moles. cm 	
-1.  
• secUsing the accepted value 6  
of 13. 34 for log k2, it is then possibie to calculate k81k9 and also to 
calculate log (A 8/A9) as .2. 16. 
A similar thermodyic calculation may be applied to the .quilibrium& 
CH3, + SU .. 
	
CH8O2 	 (8.9) 
Taking 80 (SO z ) as 59.4 cal.deg4 .mole 1 	and using the other entropy 
Values as given above, it is found thatLS = -34.6 cal. d.g4.mol.. and 
hence log (J 8/A9) a-2, 76. This value is in good agreement with the 
value deduced above from the experimental data. 
From the calculated value of 10.48 for log k11 and the experimentally 
determined value for L(CH3 ,CH3502), n (k10/k11 ) of 0.04 at 25°C, we 
can then say that log k a  9.1 	 3 •,c -1 Substitution of our10 
values for log k10 and log k11  into expressions (1) and (K) leads to values 
of the ratio (k8/k9) of (13.0 + 1.2) and (13.2 + 1. 1) respectively, at 25 °C. 
Is 
Converting tb..e values to atmosphere units gives values of (k81k9) of 
7 1.2 and io .8 u 9 1. 1 atmos 	at 25°C. These figures may be 10 	0 
compared with the calculated value of 10' 3atmos at 25 °C 102. 
Values of (E9 	Le) of (18.6 + 1. 6) kcal. mole 1 , from expression 
(J) and (20.9 + I. A. from expression (K), have been obtained, and so
ftl 
D(CH3 ...802) is about 20 kcal. mole . This may be compared with the 
values deduced by Busfi.ld at .1128  for D(CH3 ..S02) of 23.3 + 1.8, 
94. 
19.3 + 3.9 and 20.4 + 4.9 kcal. mole -  from the thermal decomposition of 
dimethyl, siiyi methyl and benayl methyl sulphmes respectively. 
Averaging these values, we obtain D(CH 3 .$02 ) a 21 + 4 heal. mole'  
 ft 
which is in very good agreement with the experimental value reported 
above. 
These data already discussed do not enable the direct evaluation of 
the two individual rate constants k 8 and k 	 However, at low tempsra- 
pires, we would expect to find that k 8 >> k, and this mesas that we can 
regard the decomposition of the methylaulphonyl radical as negligible, and 
that expression (I) may be simplified to:. 
(CH 3s2) atk8(O2)- 
k10+ k11 
Since RDMS k11 (CH 3 ). (CR3S02) and k1= k 1 + k11 , then: 
RDMS 	 k 	8 (L) 
(k 2 
A number of experiments were carried out In the temperature range 
0 	0 
21 C to 39 C, In order to test the reasonableness of this simplification. 
The data were treated by means of the rate expression (L) and are listed In 
Table 2 . The results have also been plotted graphically as curve 3 on Figure 
6. The Arrheniva parameters have been evaluated and lead to the 
equation: - 
1 og k8 (mole 4cm3 sec ' 1) (10. 82 i 0.18) • ( ±. 
where the error limits quoted are twice the calculated standard 
deviations, and Shepp's value for log k 2 of 13. 346 has been used. 
Thus at 25°C, log k8 has a value of 9.  72. Too muc reliance cannot 
be placed on these Arrhsnius parameters in view of the limited 
temperature range over which the experimental data were obtained. 
!!owev.r, these results are supported by further experiments carried 
out in the same temperature range in which the consumption of sulphur 
dioxide was measured. This was not done at higher temperatures 
because of the difficulty in measuring a small change in a large 
concentration of sulphur dioxide. At low temperatures, however, 
the effect of even a small sulphur dioxide concentration was sufficient 
to bring about the formation of large amounts of methyisuiphonyl radicals, 
and hence to cause significant changes of up to 25% in the sulphur dioxide 
concentration. Such changes could be measured with reasonable accuracy. 
The data obtained in this way are shown In Table 20. They may be treated 
kinetically by saying that:. 
- 	 - At low temperatures, RCH 	R K 8(CH3). (SOs) 
And hence :- 
k8 	 (M) 
	
C2H 6' 





Low temperature Photolysia of A,.ometbane-Sulphur 
3 	
total 
10 IT (A) 	(80) 	RN 	RCH av 
Dioxide Mixtures; Carbon Balance Method. 
total 	 Expression 
RcH RcB4(10) 	RD 	(L.)  
2.65 3.300 22.37 0. Z14 12.65 0.296 0.327 0.287 11.43 1.172 
266 3.279 21.14 0.244 12.10 0.190 0.322 0.293 11.27 1.422 
268 3.205 20e55 0.154 11.83 0.546 0.333 0.250 10.16 0.969 
269 3.247 21.32 0.269 11.73 0.187 0.265 0.231 10.93 1.254 
272 3.401 23.21 0.495 12.23 0.177 0.068 0.050 U. 75 0.786 
273 3.390 22.32 0. 223 U. 25 0. 22.4 0.073 0.050 10.67 1.258 
274 3.306 20. 34 0.199 10.32 0.198 0.192 0.165 9.62 1.394 
286 3.2,S7 21.67 0.191 13.91 0.388 0.265 0.210 12.68 1.231 
ow Temperature Photolysis of Aaaznethane-SO 8 Mixtures ; Consumption of 8O Method. 
total Expression 
Run 	1031T 	(so z) a,. 	RN2 	RC2H6 
268 	3.205 	0.140 	11.83 	0.546 	14.97 
	
1. 570 
271 	3.401 	0. 149 	11. 56 	0.343 	9.93- 	 0.780 
273 	 3.390 	0.239 	11.25 	0.224 	5.67 	 0.623 
277 	3.367 	0.191 	10.64 	0.982 	13.88 	 0.764 
7 	 -3 	 12 	 -3 4 -3 	
- 	sec 
(Concentrations in 10 . moles. cm  ; rates in iLl . moles.. cm 	 i • Sec ; (J4 (M) n tO . moles cm 
Alter being treated in this way the data appear to indicate a small 
activation energy of the order of 1 kcal. mole 1  for reaction (8) but this 
value is not of a high accuracy. The value of the rate constant at 25 °C 
was obtained, and was likely to be more accurate than the Individual 
Arrhenius parameters. Thus it was found that at 25 °C, log k8 was 
9. 6O. 3 (in mole '1cm3 sec 4 units ) which is in good agreement with the 
value of 9. 72 obtained from expression (L). The agreement between this 
direct measurement and the carbon.balance method as already described is 
good evidence for the validity of the proposed mechanism and for the 
carbon-balance method of calculation. 
The Arrheniva parameters for the decomposition reaction (9) may now 
be calculated, using the values for reaction (8) which have been obtain*d 
together with the experimentally determined value of the equilibrium 
constant k8/k9 and the experimentally determined valuesof £9 E  8
which 
were derived from expressions (i) and (K). These lead resnectiv.ly to 
values for log A9 and £9 of 13. 0 (sec 1) and 20.1 (kcal mol.) and 13.0 
and 22. 4. of which the second set of figures are lily to be more accurate, 
for reasons already discussed. 
In their study of the addition of methyl radicals to carbon monoxide. 
Kerr and Calvert 
62 
found that, although changes in the esomethane 
concentration did not affect their corresponding rat, expression, the 
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forward rate of the reaction. Accordingly, several experiments were 
performed in this system. in which mixtures of azomethane and sulphur 
dioxide were photolysed at 65 °C, in the presence of pressures of 10-50 
mm. Hg of carbon dioxide. The quantum yield, of ethane obtained from 
these experiments are illustrated In Figure 4 and it can be seen that the 
addition of the carbon dioxide has had no effect on the rate of f ormati on  
of ethane, and hence no effect on the rate of formation of rnethylsulphonyl 
radicals. 
Figure 7 shows the yield of nitrogen plotted against the sulphur dioxide 
pressure for a number of temperatures. It to apparent from the graph 
obtained that the yield of nitrogen is constant, with experimental error, 
over the range of sulphur dioxide pressures used and hence the presence 
of sulphur dioxide has no effect on the primary process, reaction (1). For 
each temperature, RN /R ,1 4 has been plotted, where 	is the rate of 
2 	2 	 2 
nitrogen formation for a.ro sulphur dioxide pressure at the particular 
temperature being studied. 
Mixtures of 40 mm. Hg of azomethane and about 1 uni. Hg of oxygen 
were photolysed at a number of temperatures in the range 25- 150 0C. In all 
cases, the permanent gas fraction was found to contain oxygen, nitrogen, 
carbon monoxide and m " 	
0
ethe, and the fraction of product removed at -160 C 
consisted of carbon dioxide, ethane and nitrous oxide. In the products of 
photolyses of short duration, methane was often present only in trace amount., 
which were too small for quantitative estimation. Figure 8 illustrates the 
results obtained at 65 °C, and shows the yields of the various products plotted 
against the photolysis time. The results of some phctolyses of an azome-
th.aneeulphur dioxide mixture at 65 0C are included for purposes of comparison. 
The results obtained from similar photolyses of azom ethane -oxygen mixtures 
at 85°, 105°, 125°, and 150°C are shown In Figures 9 to 12. 
From their investigation of the photo-oxidation of azozuethane, A. 
Hoey and Kutscbke 149 pci1t:i thfJ1.vr 	ction scheme :- 
cH3NN( 
3 	N 2 	
(1) 
CU —5 + 
	CH 2"3 (3) 
. (4) 
3 	+ –> (17) 
C —5 . 3A0 2 	 (18) 
I 3NI4CH202 	(19) 
CH3NNCh, -. + N 
2 
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They detected no ethane among the reaction product., even at oxygen 
. 4 	 ____ 
pressures of the order of 10 mm. Hg. whereas in the present work ethane 
was detected even in the presence of pressures of 1mm. Hg of oxygen. 
Measurement of the amount of .thane found in the products during the 
present work showed that the quantum yield of ethane, calculated assuming that 
the quantum yield of nitrogen was unity, varied quite widely within the range 
0.001 to 0.010. This would be expected in view of the small amounts of 
ethane involved, and the consequent large error in measurement. The 
mean quantum yield, however, was fo 	t .e 0. 004 which agrees within 
experimental error with the quaitum yield expected from intra-molecular 
elimination 0.0071 and indicates that all the ethane in our system is being 
formed in this way, rather than by the combination of two methyl radical.. 
Thus the concentration of methyl radicals in the system must be very small, 
indicating that reaction (17) must be extremely rapid. 	U the methyl radical 
concentration Is small, then reactions such as (3) and (4) cannot occur to any 
great extent. This is confirmed by the small amounts of methane found 
among the products. Hence we would not expect reaction (18) to be very 
important, and the rate of disappearance of oxygen can then be accounted 
for almost entirely in terms of reaction. (17) and (19). 
A. the ethane in the products is not being produced by the combina-
tion of methyl radicals, the rate constant of reaction (17) cannot be estimated 




2 C 	 C 
2 H 6 
	 (2) 
Instead, the value of k 17 may be obtained by comparison with the rate 
constant for the abstraction reaction (3), which has been measured relative 
to k2 as discussed above, and determined absolutely using Sh.pp' s value  
of 13.34 for log k 2. Thus, considering reactions (3) and (17). and 
correcting reaction (17) for the fact that, since the work of HOey and 
Kutschke 149 , this reaction has been shown to be third order, we obtain :- 
k3 (CH 3).(A) 
RcHo 2 
	
X9 k17 (CH 3 ).(0 
2
). (A) 
From the above mechanism, rrethyl radicals will be generated by reaction 
(20), in such a way that one methyl radical is prodt cod for every molecule 
of nitrous oxide formed. Thus the rate of removal of oxygen by reaction 
(17) is equal to the total rate of disappearance of oxygen minus the rate of 
formation of nitrous oxide. Hence we can say that:. 
POz 	RN20 
Combining these three rate expression., we obtain :- 
B0 - ItNO 	-k 17 
RcH. (Oz) 	 k3 
	 (N) 
All the rates of formation or removal on the left-hand side of expression (N) 
are directly measured experimentally, and the mean concentration of oxygen 
can readily be determined from the known initial concentration and the rate 
of removal of oxygen. The data obtained have been treated by means of 
expression (N) and the results are listed in Table 21. 
.2 
From the results in Table 21 	
16 
a mean value of 1.2 x 10 mole 
cin6 see  4  was obtained for the third order rate constant for reaction (17). 
The results are subject to a large error. in view of the small amounts of 
methane formed, which could only be measured to the nearest 0. 01 
inicromole.. The temperature coefficient observed from the data is almost 
certainly spurious and is probably brought about by the errors in measure- 
ment. 	The individual results obtained lie in the range 0. 3-15. 9 x 10 16 
-2 6 	-1 mole om sec and thus agree with most previous values for the third 
order rate constant for reaction (17) which are listed in Table 9. 
Hoey and Kutacbke '49  treated their data by a carbon balance method - 
RCH 	2R N 2  - (k3 + k 4)(cH3 )(A) - k17 (CH 3 ) (OZ  ) +k 
hence :- 2 	
2 	
(k3 + k4) (CH 3)(A) - k 17 (CH3)(02 ) 






Third Order Rate Constant for the Photo-oxidation of Methyl Radic als  
Amounts logk 17 
logk 
Run 10 /T N 2 N20 _02 CH  2 av from (N) from (0) 
193 2.959 3.66 0.09 4.05 0.03 3.736 15.48 15.74 
195 IV 5.48 0.13 6.60 0.04 3.575 15.59 15.79 
196 6.96 0.15 8.80 0.05 4.369 15.53 15.73 
197 8.55 0.19 11.24 0.0' 3.032 15.71 15.90 
198 1 11.24 0.27 15.21 . 	 6 .897 15.86 16.04 
205 9.60 0.24 13.60 u. u:) -t.049 15.85 15.90 
208 2,793 2.20 0.28 3.32 0.02 3.916 15.83 16.01 
209 to 4.38 0.35 6.54 0.03 3.939 15.96 16.11 
210 of 6.78 0.46 9.14 0.04 3.144 16.08 16.28 
220 2,513 2.32 j.60 5.41 0.03 3.427 16.45 16.48 
221 it 3.94 0.94 7.31 0.04 3.533 16.43 16.58 
226 2,364 2.16 0.84 5.69 0.01 3.511 17.20 17.23 
227 It 3.58 1.03 7.52 0.02 3.149 17.07 17.17 
- 
(Amounts in inicrornoles; concentration in 10 6 





Using:- log It3 	11.55 	- 	8.70 x 10312.303RT 
log k4 * 10.23 - 	5.40 x 103/2.303RT 
And becomes :- 
2 RN  + % z 	k3 + Ic4 
k3 
+ k17(02 ) 
k3(A) 
liosy and Kutschke's rate expression may then be modified to take account of 
the fact that reaction (17) in third order, and thus it becomes :- 
2 RN +RNO 	Ic3 + Ic4 	+ k17(02 ) 
2 	
(Q) 
k k  
The results from the present work have also been treated using expression 
(0) 11nc t.c 	 ic 	 1. The temperature coefficient 
has been disregarded for the reasons already given. The mean value of 
the third order rate constant for reaction (17) was calculated as 1 7 x 10 16 
rnole' 2cm6 s.c 4 , with the results lying in the range 0.5-16.8 x 1o16 
-2 6 	-1 
moles cm sec 
The similarity between the results obtained from expressions (N) 
and (0) of which the former is obtained by direct measurement of the 
relative rates of two competing reactions, and the latter by an indirect 
carbon-balance method, is good evidence for the reasonableness of the 
postulated reaction mechanism. 
In the present work, the consumption of oxygen during the photoly..s 
was large, in some cases greater than 50% of the initial amount. The 
105 
mean concentration of oxygen was used in the above calculation., but there 
remained the possibility that such large changes in oxygen concentration 
during the photolysea might lead to errors in the application of the rate 
expressions to the results. However, Hoey and Kutscbke 149 found, and 
a few experiments carried out in the present work supported this conclusion1 
that at pressures of oxygen greater than about 0. 1 nm. Hg the quantum 
yields of methane and nitrous oxide were only slightly dependent upon the 
oxygen pressure, even at 160 °C. The pressure dependence seemed to 
decrease still further with temperature. Thus we would expect that changes 
In oxygen pressure in the range 0. 5 to 1 mm. Hg would introduce only small 
errors into the calculation of the results. 
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4). 	THE PHOTOLYSIS OF AZOMETHANE ]N 
THE  PRESENCE 
OF OXYGEN AND SULPHUR DIOXIDE  
At a. number of temperatures in the range 65450 0C, photolyses 
were performed using mixtures of 40 mm. Hg of asomethane, 1 mm. Hg 
of oxygen and a variable pressure of between 1 and 10 mm. Hg of sulphur 
dioxide. It had been anticipated that the presence of the sulphur dioxide 
and the consequent competition between reaction. C_ I ) 	( 17) would lead 
to 	
CH 3 	+ 60.. 	) CH3SO 2 
	 (R,9) 
( 	 3 
	 (1) 
reduction in the 	 - 	 :: 	v1011ld 
ciaie Lc 
relative r:t':t.. tv: adi ti: -; reacticia to be d€ter' 	'ed directly. 	
It 
was found, cwever, th.t 	rese1ce cji the 	
,dioxide 	to an 
increase in the quantum yield for the removal of oxygen ciculated relative 
to the rate of formation of nitrogen. The rsults obtained in this way at 
125°C are illustrated In Figure 13, and similar results were obtained at 
65, 85, 105 and 150°C. Ia all cases, the oxygen consumption appeared 
to increase rapidly with sulphur dioxide pressure and then to flatten off and 
become independent of further increase in sulphur dioxide pressure. 
This increase in oxygen consumption is difficult to accouit for. 
It is to be expected that the m.thylsulpbonyl radicals formed may undergo 
a subsequent reaction with oxygen .. - 
CH3SO2 + 0 	 ) H3SOa02 
FIGURE 13 EFFECT OF SO2 PRESSURE UPON YIELDS OF 
OXIDATION PRODUCTS. (Izsoc) 
(10 mm. photolyses with 02  press. const. at 1 mm) 
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-' 
but even if all the methyl .ulphonya radicals formed reacted in this way 
the rate of oxygen consumption would be expected to remain constant, 
and not to show any increase. 	It is also unlikely that the rate of reaction 
(17) could be increased to such an extent by the email increase in total 
pressure as this would Imply that sulphur dioxide was of the order of 10 
times as efficient a third body as was azomethanc. 
s Is shown in Figure 13, the increase iii sulphur dioxide 
pressure had no effect upon the quanturn yield of nitrous oxide, w-ithin 
experimental error, whereas the quantum yield of carbon monoxide was 
s.en to decrease at all temperatures, the decrease appearing to be linear 
relative to the total sulphur dioxide pressure. Hoey and Kutschke 149 
concluded that the carbon monoxide in the reaction products arose from 
the subsequent reactions of the methylperoxy radical, formed in reaction 
(17) and hence the dependence of the quantum yield of carbon monoxide 
upon the sulphur dioxide pressure ought to give some 1ndicati 	f the 
extent to which reaction (17) is inhibited by reaction (8). Thus an 
approximate measurement of the relative rates of the two reactions (8,9) 
and (17 ought to be obtained. 	We can may that puttingiC equal to 
for temperatures greater than 50 °C:. 
* 5 (CH 3) (50z) 
= k17 . (CH 3)(02) (A) 
Therefore : 
CH 3 ($0) 	 k17ZO 
= 
RCH$O. (0) (A) 	 5 
If we assume that a fixed proportion of CH 3 02 radicals react to give 
carbon monoxide at each temperature, then:. 
	
RCliO : 	0< CO 
Co 	- 	CO 
where R CO Is the rate of formation of carbon monoxide at zero sulphur 
dioxide pressure, corrected for the slight difference in the rates of 
nitrogen formation, and hence In the rates of methyl radical formation, 
between the two runs being compared. Thus we can obtain the rate 
expression :- 
p 	 (30) 	 k 
X 	__________ 	- 	17 (F) 
R0 	- 	 ( 2 )(A) 	 ic 
The results obtained were treated in this way, using expression 
(P) and are listed in Table 22. 	The value of K which was obtained 
from the asornethans-suiphur dioxide photoly.es as described above was 
substituted into the equation (P) and a mean value of 3 x 10 16 mo1eczn6 sec 1 
was obtained for the third order rate constant for reaction (17). 	The 
results lay In the range 0.27-13.0 x 10 16 molehhZcm6 sec  1. 	The value 
108 
of k obtained in this way is in good agreement with the values obtained17 
as already described from the photoly.es of aaomethane-oxygen mixture.. 
This agreement lends support to the kinetic assuniptiona used in deriving 
expression (F) and also provides good evidence of the external consistency 





Relative Rates of the Oxidation and Suiphoxidation of Nklethyl Radical. 
Amounts 
Run T.rnp. P 0 
2 2 
N 2 





197 65 0 100 2.65 8.55 0.19 11.24 
206 to 1.01 1.06 1.92 9.41 0.34 15.22 1.827 130 13 
210 85 0 1.02 1.91 6. TO 0.46 9.14 
211 It 0.81 1.14 1.22 6.15 0.40 11.52 1.873 40 5.5 
215 105 0 1.16 1.36 4.80 0.88 8.44 
217 1.05 1.05 1.00 4.67 0.64 9.04 1.858 8 1.33 
218 4.6 0.89 0.44 4.57 0.66 9.87 1.749 8 2.8 
221 125 0 1.16 1.26 3.94 0.94 7.31 
223 of 0.95 1.16 1.11 4.09 - 8.54 1.656 2 0.53 
224 of 4.63 088 0.67 417 0.95 9.07 1.644 2 0.62 
227 150 0 1.14 1.27 3.5° 1.03 7. 	' 
228 #1 1.12 0.94 1.33 4.14 . 8. 1.536 0.4 0.27 
229 of 6.05 1.21 1.07 3.99 1.lu 9.55 1.544 0.4 0.41 
(Pressure, in mm. Hg; amounts in rnicromole.; concentration in 10 mole. crii 3 
-.9 	-1 	3 	 -.16 	-2 	6 	.1 KinlO .mole .cm ; k17 1n10 .mole .czn..ec ) 
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S. 	THE PHOTOLYSIS OF DIETHYL. KETONE 
Pressures Of between 10 and 20 mm. Hg of diethyl ketone were 
photolyaed at various temperatures in the range 39-115 °C. The reaction 
scheme for the photolytic decomposition of diethyl ketone has been well 
established 15.77 and may be represented by the equations :- 
C 2H5COC2H5 + by 
2Ci 
2 ) 
2 C 2 }. 
C
2 H5
+ C 2H 5c c 
C 2H 5 + C 2H4COC 
The following rate expr 
C 2H5 + Co 	 (21) 
> H4 	+ C 2 H 6 
	 (22) 
) C A R 10 (23) 
+ C2H4COC2H5 	(24) 
—4 .; 4H9C0C2H5 	 (25) 
asions may be deducted by applying the 
steady-state treatment to this reaction mechanism :- 
24 z k zz
Rc 4H 10 	k23 
and :- 	 R  H (24) 	
k 24 
(R) 
RC 4 10 
H (K) k 23 
where (DEK) is the mean concentration of diethyl ketone, and R  ii (24) 
26 
represents the rate of formation of ethane by reaction (24). This latter value 
is obtained by subtracting the rate of formation of ethane by the 
disproportionafion reaction (22) which is equal to the rate of formation of 
ethylene, from the total rate of ethane formation. 
If reactions (21) to (25) account for all the ethyl radicals produced, 
then we can say on a carbon balance basis that : 
R 
	
C 2 H 6 
	C4H10 	M • 1 
Rco 
A value for M of 0.997 has been previously reported 15 . In the present 
work, a mean value of 0.98 was obtained for M. and this value has been 
used in subsequent carbon-balance calculations. 
Early results yielded a mean value of 0. 136 for the ratio k221k23 
(expression (Q)). This 1s good agreement with previously reported values 
of 0. 139 
15 
 and 0.14 
12
and this constant value was used in the evaluation of 
all the experimental data. 
The results obtained from the photolyses were also treated using 
a modified version of expression (B). Using our value of 0. 136 for 
es:- 
- 	 C 	 c24 
) 	(DEK) 	= 	k 2 
where R 
C 




The date are presented in this way in Table 23, and the Arrh.nius plot 
derived from these results is shown in Figure 14. The results were 
treated by the method of least-mean square., and a value of 10 
14 
 mole .1 
czn3  sec 4  was assumed for the rate constant of the combination reaction (23). 
The rate constant for the abstraction reaction (24) was thus evaluated as : - 
log k24 (mole 1 crn3 sec - 1 ) 	(11. 45± 0.41) . (8 . 06 ± 0. 64) z 103/2.303RT 
where the error limits quoted represent the 95 91t, prababUlty limits. This 
result 1s in good agreement with the value of 11.4 and 7.8 which have been 
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TABLE 23 




Run 	10 IT 	C 2 fraction C4 fraction 	4 10 	
24 23 
367 2.941 0.909 1.995 8.160 -0.6840 
368 2.946 0. 90' 1.929 10.41 .0.7708 
369 2. . 	9 .45 9.200 -0.5622 
371 2.878 0.314 0.626 7.660 -0.6740 
373 2.786 0.346 0.631 7.219 -0.5544 
374 2.770 0.467 0.603 8.154 -0.3513 
375 2.950 0.300 0.652 7. -0.7394 
377 2.981 0.287 0.686 3.1 -0.8585 
378 3.115 0.302 0.762 9.473 -0.9750 
379 2.681 0.393 0.432 6.776 -0.2512 
380 2.584 0.439 0.400 6.1 	1 -0.0999 
381 3.053 0.227 0.622 7. 	1 i -1.0655 
382 3.200 0.230 O.64 . 	13 -1.1550 
383 3.021 0.251 0.585 7.348 - 	. 	180 
(Amounts 
 ..3 .1 
ount. in micromoles; rats in 10 mole. cm • sec ) 
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61. 	THE PHOT3LYSIS OF DIETHYL KETONE IN THE PRESENCE 
OF SULPHUR DIOXIDE 
Pressures of about 15 rum. Hg of diethyl ketone were photolys.d 
in the presence of variable pressures of sulphur dioxide at several tempera. 
tur.s in the range 40-75°C. The effect of sulphur dioxide pressure upon 
the yield of hydrocarbon products was investigated, and it was found that the 
addition of sulphur dioxide inhibited the formation of such products. This 
indicated that ethyl radicals were being removed from the systci y reaction 
with sulphur dioxide. This reaction seemed to be appreciably slower than 
was the corresponding reaction between methyl radicals and sulphur dioxide 
since at 65°C the latter required only 1 mm.Hg of sulphur dioxide to inhibit 
ethane formation by 80 0jo, where as ethyl radicals required about 5 rrm. H 
of sulphur dioxide to produce the same effect upon the n-butane yield. As 
the temperature was raised the ethylsuiphonyl radical appeared to beconie 
less stable. Similar behaviour was observed for the methylsulphonyl 
radical. Figure 15 illustrates our data by showing the quantum yield of 
n-butane plotted against the sulphur dioxide pressure at the various t.mpsn 




H is the quantum yield o. --no in the absence of sulphur dioxide 
at the particular temperature concerned. 
When diethyl ketoe is photolysed in the presence of sulphur dioxide 
in such a way that ethylsulphonyl radicals are formed, the following reactions 
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need to be considered in addition to reactions (21) to (25) which have already 
been discussed above:. 
C 2 H 5 + 
	- 	) 2N5S02 	 (26) 
CZ1455C 2 	> c Z}i S 	+ 802 	 (27) 
C 2 H S
+ C2H5 SO- 	)C a H
6 + C2H4802 	 (28) 
	
C 2H 5 + C2H5S02 	- C 2H5802C 2H5 	 (29) 
C2H5502 + G2R5COG 2Fi 5 	) C2}1 5602H + C2H4COC2H5 	(30) 
2 C2H5S02 	' G2H5502S02C 2H5 	 (31) 
A. was the case with the corresponding reactions involving methyl 
radicals, reactions (30) and (31) are not regarded as likely to be important 
under the reaction conditions employed. 	Reaction (30) will probably 
require an activation energy. and, as discussed above in the case of the 
methylsuiphonyl radical, tha free radical centre will be on the sulphur 
atom, whereas reaction (30) would require the free radical centre to be on 
one of the oxygen atoms. Reaction (31) would only be expected to be 
significant at high suiphiLir dioxide pressures and the postulated product, 
diethyl disuiphon., appears to be an unknown compound. Thus reactions 
(27) to (29) are regarded as accounting for all the ethylsuiphonyl radicals 
produced within experimental error. 
There are three sources of ethane in this reaction system, namely 
reactions (22), (24) and (28). 	The contribution of reaction (24) can be 
evaluated using the Airhenius parameters for reaction (24) which have 
been reported above, together with the experimentally measured rate of 
formation of n butane. 	The contribution of reaction (22) can also be 
evaluated from our value for the ratio k 22/k23 and will be equal to 0. 136.RC  
4 
H 10 
When theme two amounts are subtracted from the total ethane yield the 
contribution arising from the disporportionatlon of ethyl and ethyl-
suiphonyl radicals, reaction (28), can be evaluated. The yield of diethyl 
suiphone, DES, formed by reaction (29) can be calculated using a material 
balanc : - 
RCR + RCH +
10 
Rco 




= M 	0.98 
The quantum yields of diethyl suiphone were calculated from our 
data in this way, and the values obtained are plotted against the sulphur 
dicxide pressure in Figure 16. These calculated quantum yields are 
based upon an assumed value of unity for the quantum yield of carbon monoxide. 
From our data, it I. possible to calculate the di sproportionation.. 
combination ratio for ethyl and ethyl suiphonyl radicals. 	Evaluating the 
rate of formation of ethane by reaction (28) as described above, we can say 
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that : 
24 	 2.6 	 2.8 	 3.0 	 3.2 	 3.4 
I 1 1OT (Curve 1) 
FIGURE 14 ARRHENIUS PLOTS FOR ETHYL RADICAL DATA. 
Curvel: log (R) V. 10/T. 
log(rate constant ratio) 
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log C rate constant ratio 
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A value of 0. 05 ± 0.04 was obtained for this ratio, based upon the data 
listed in Table 24. 	This may be compared with the value of 0.04 at 
25 
0
C which was obtained for the dispropoz-tionation ratio for methyl 
radicals as described above. 
Applying the steady-state approximation to the reaction mechanism 
as outlined above, we obtain: 
= k26(G2H5) (802) - ?7(CZHS802) 	28 +k  29) (C2 
 H 
5 
 ) (C 
2 H 5 
 so 2) 
*0 
therefore :- 
(C..J&)(SO ) )  
(C2H5502 ) 	 (T)
+ 28 k
29) (c2H5 ) k27 
A. with the similar expression obtained for mthylsulphonyl radicals, we 
can simplify this for the temperature region In which k 27 1* large and the 
concentration of ethyl radicals is by.. We can then say - 
(C2H5802 ) - 	 (sOs) 
k27 
and since : - 	 - k29(C 2H5) (C2H5so2) 
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TABLE 24 
DI, sDr000rtionation.Combination Ratio for Ethyl and Ethylu1pb.ony1 Radicals 
Run 
Quantum Yields 
C2H6tC2H4 D8 RCH (DEK) RCH 	(z .1 L 
393 0.048 0.013 0.838 1.754 6.906 1.211 0.015 0.022 
394 0.095 0.023 0.716 2.177 8.586 1.268 0.034 0.060 
390 0.057 0.013 u.838 1.639 6.972 0.777 0.015 0.022 
398 0.191 0.039 3.152 6,928 2.953 0.052 0.130 
399 0.149 0.024 0.657 2.472 7.093 2.367 0.046 0.088 
401 0.126 0.021 0.696 2.290 6.335 2.539 0.021 0.038 
402 0.151 0.031 0.599 2.715 5.571 3.706 0.002 0.004 
403 0.210 0.038 0.492 3.216 6.594 6.196 0.025 0.064 
404 0.207 0.01 0.398 3.799 6.364 5.923 0.001 0.003 
405 0.147 0.039 0.545 3.122 6.301 3.440 0.013 0.030 
1 (Rats in 10 14 . 	. 	sec ; concentration in 10 mole. cm 3 ) 
: 
Then : - 






The data obtained were evaluated according to expression (U) 
and the values calculated are listed in Table 25, and plotted in Figure 14 
against 103/T. 	The results were treated by the method of least-mean 
square., and led to the result: 
3 
(mole. cm" 
) log 1k k 
27 ' 23  
(..3.52 ± 0.40) + (16.79 ± 0.60) x 10f2.303 
where the error limits quoted represent twice the calculated standard 
deviation. 
Since reactions (23) and (29) are free radical combination 
reactions, it is likely that they will have small or zero activation energies. 
Hence we can say that E 26 E27 will be equal to .16.8 kcal. mole" 1 . In 
the came of the reaction between re thyl radicals and sulphur dioxide, it 
..1 
was found that E was equal to .20.9 kcal. mole 
If we consider the ei1ibriurn :- 
cans + Sc. 	' 	5S0 
	
(26, 27) 
then it is possible to estimate tne entropy change involved in this reaction, 
and hence the difference between the two A factors for reactions (26) and 
TABLE 25 
Results of Photolyse. of Diethyl Ketone and Sulphur Dioxide 
Quantum Yields 
Run 103/T (S02)av. DES 
log 	(U) 
C4  H 10 




388- 2.959 2.161 0.161 0.050 0.021 0.771 7.3464 
390 3.091 0.502 0.219 0.067 0.030 0.697 7.8031 
391 3.091 0.196 0.442 0.109 0.060 0.431 7.696 
392 3.096 0.754 0.166 0.040 0.023 0.776 7.7932 
393 3.096 1.226 0.097 0.048 0.013 0.838 7.8492 
394 3.195 0.211 0.171 0.095 0.023 0.716 8.2982 
396 3.195 0.4 3 0.057 0.013 0.838 8.2817 
398 3.021 0.64 u.90 0.191 0.039 0.501 7.4422 
399 3.021 0.845 0.176 0.149 0.014 0.657 7.6455 
400 3.021 1.309 0.158 0.075 0.021 0.749 7.5579 
401 2.959 1.819 0.161 0.126 0.021 0.696 7.3764 
402 2.874 2.071 0. 232 0.151 0.031 0.599 7.0952 
403 2.874 1.506 0.280 0.210 0.038 0.492 7.0671 
404 2.874 1,004 0.377 0.207 0.051 0..: 7. 
405 2.959 0.809 0.290 0.147 0.039 0.5 
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(Concentration in 10 mole. 	(IT) In mole. cpi"3) 
(27). We can say that :- 
o(cH5802 ) = 60(c 2H58) +2 S°(SL 	23 0  (SO 2  )  + l. in 9 
tang the symmetry numbers of the four species to be 3, 3. 6 and 2 
respectively, S°(C2H5S) may be estimated from the equation - 
8°(c2H5S) = s°(c2 1-L 5SH) + R. in 2 
Using the values ef  Barrow and Pitaer 132 for S°(C2H5SH). 80(803)  and 
°(30) of 70.6, 61. 2 an T'). 4 cal. de' rn 5 	 . o1e respectively, it I. found 
that S°(C 2H5S02 ) is 80.0 cal. de.mole" 1 . U this Is applied to the 
equilibrium reaction (26, 27) In cozLjunctic.: with a value of 58. 1 cal. deg 1 . 
mole- 
I 
 for S0(C2H5)l34,  It is found that i 	has a value of 37. 5 cal. 
deg4 .mole-  (250C, staard state 1 atmosphere). 
Since E26 - 	I. equal to -16. 8 kcal. mole 4 , we can calculate 
that AC = . 5.8 kcal. mole- I and hence the equilibrium constant 5 
(z k 28/k27) has a value of about 10 
4.
at= os. Thus the equilibrium 
at room temperature is In favour of the formation of the ethyl suiphonyl 
radical although the equilibrium constant I. appreciably lower than for the 
methylsuiphonyl radical where 5 is of the order of 1O 9 atmos " , 
We can obtain information about the A factors of the reactions 
(26. 27) by the uas of the relation - 
log A26 	log A27 	A/2.3 	- 
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where A b 0 is the entropy change involved in the reaction, calculated above, 
and the 4.8 term is a correction for the change in the total number 
of molecules in the system. From this expression, we obtain the result : 
log A27/
A 26 = 3.4 
	
Our data indicated a value for log (A 26 . A29)/(i 	of .3. 52. 
and aslog A23  is usually accepted 12 as having the vaLe 14. 0. we can 
calculate that lo. '29 = lo k 	= 13.9 ± 0.4 (iolecm3 .ec4). This 
is a reasonable value for the combination of two radical.. 
If we consider the case where the system is at a low temperature, 
I. e. where k.27 is small, then expression (T) becomes :- 
(c2H5so2) = k26 (s02 ) 
k28 + k29 
Hence, knowing that k28 0. 05e 	we can say that: - 
1. OSR DES 
	= 	k26 
R1 	 k C4H10. (SO 2) 	
i 
3 
Several experiments were carried out at 2806  and were treated by 
this expressi3n. 	A value of 1. 74 (mo1ecm'2seci) was obtained for 
the ratio log k 6/k 3, so that, assurr4ing a value of io14 for k23, k26 has  
a value of 10 	at 	 H l:r ciitcin5 methyl radicals 
react with sulphur dicx 	 • 	cause of the 
123 
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lirid ted temperature range over which the assumptions involved were valid. 
it was not possible to evaluate the Arrheniue parameters for reaction (24) 
in this way. If a reasonable value of 11 ± 1 is taken for log A 24 , then 
our result at 280C enables us to calculate that E26 will have a value of 
3.1 ± 1.4 kcal.xnole4 . 
Using these values for A26 and E26, and our data obtained from the 
results at higher temperatures, we can calculate that log A 27(sec4 ) and 
E27(kcaL mole - ) have the values 14.4 and 19.9 ± 1.9 respectively. 
Our data also suggests that D(C2H5 SO2), which is measured as 16.8 ± 
0.6 kcal. mole4, Is about four kcal. mole4 less than the corresponding 
value measured for the rnethylsulphonyl radical, where D(CH3 SO2 ) was 
found to be 20. 9 ± 1.1 kcal. mole 1. 
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7. THE L'HOTOLThIb OF HEXiILUOitUAGiTONE D. TH PRESENCE OF 
SULPHUR DIOXIDE 
When hexaauoroacetone is photolysed alone, the only products under 
normal experimental Conditions are carbon monoxide and hexafluoroethane80' 81 
and no fluorine atom abstraction ha 'en detected even at 350 °C :- 
CF 3COCF 3 + liv —>' + 2CF 3 	 (32) 
2 C. - 	F6 	 ?3) 
From this mechanism, we would expect to find that :- 
RCF/RCO 	 - 	= 1 
Preliminary experinentF yielded a value of 0.99 ± 0.05 for M over a temper-
ature range of 	- 	., : dlcating that reactions (32) and (33) satisfac- 
torily accounteL iut u_ ruct. observed. 
Mixtures of about 40 mm. Hg of hexafluoroacetone and variable pressures 
of from 0-35 mm. of sulphur dioxide were photolyaed in the temperature rang. 
50-250 
0  C. The extent of inhibition of hexafluoroethane formation was found 
to be only slightly temperature dependent for a given pressure of sulphur 
dioxide, and this inhibition showed a slight increase as the temperature was 
raised. This was in marked contrast to the findings reported above for the 
methyl radical-sulphur dioxide system, where the inhibition of ethane forma-
tion by sulphur dioxide was found to decrease quite markedly with tempera-
ture. 	If we consider the possible reactions in the present system :- 
C F 
3 
 + SC, 	) CFSO 2 
CF 3&.. 	 + SO2 
CF + CF & 	 - SO CF. 
3 	3 	 32 	- 






then the temperature dependence reported above would seem to indicate that 
reaction (35) is not important in this system, and that reactions (36) and (37) must 
account for all the trifluorom ethyl suiphonyl radir; 1 formed by reaction (34). 
In the systems involving methylsuiphonyl and c. 	nyl radicals, the 
corresponding reaction to reaction (35) had a large activation energy in the rc4on 
of 20 kcal. mole- 
I 
 , and the reaction rate was found to increase rapidly with temper-
ature. The lack of evidence for the occureiice of reaction (35) even at 
temperatures as high as 250 ° C, seemed to suggest that the activation energy 
E 35 must be considerably higher than 20 kcal. mole - , but the lack of thermo-
chemical data on fluorinated sulphur compounds prevented any estimation of 
the dissociation energy of the C}' 3-S02 bond being made. 
A number of large-scale photolyses were performed, in 'th ich 2:1 mixtures 
of hexafluoroacetone and sulphur dioxide were photolysed for several weeks. 
Apart from the gaseous products, carbon monoxide and hexailuoroethane, a 
0 
clear liquid, boiling at 5-15 C. was found to be formed. Mass spectrometric 
analyi5 inclic.ted that this liquid contained hexafluorodimethyl disuiphone 
(FDvIx) nd hexafluorodirnethyl tulphone (HFDMS) in approximately a 2:1 
ratio. Table 26 lists the peaks obtained in the mass spectrum, together with 
the species which Is most likely to be responsible for the peak. The occur-
ence of a sulphone among the reaction products in this system lends weight to 
the postulated formation of suiphones as major reaction products in the methyl-
suiphonyl and ethylsuiphonyl systems, when the involzitflity of hydrocarbon 
suiphonsa made direct identification impossible In the present -xperirnenlal 
system. 
TABLE 26 
Mass Spectrum of Photolysis Products for CF  plus 502 System 
Mae. 	Suggested 	 Mass 	Suggested 
Number Ionic Species Number Ionic Species 
31 CF' 
101 
32 Sf 0 114 CF2SO2 
48 8O 117 CF 3SO' 
49 SO(isotopic) 133 CF 3502
+ 
50 Cr 4 151 CF 38CF2 
64 SO, (mfl) 170 CF 3SCF 
183 CF3502CF21 
69 CF 31 186 GF 3SOCF 
82 CF2S 202 
95 CFSO 266 CF3SO2SO2CF31 
98 CP28O 
In order to treat the trifluoromn.thyl.ulphonyl radical system In the 
simplest possible way, we begin by assuming that reaction (36) accounts for 
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all the eul.phonyl radicals formed, and hence: - 
= 0 = k34 (CF 3)(S02) - k36(CF 3)(CF 3SO2 ) 
Thus:- 	 (CF SO ) 	= 	k 34 (SO 
k 36 	2 
And:- 	 R14FDMS= 	k 36 (CF 3)(CF3SO2) = Rco - 
Therefore:- 	RHpDM 	= 	
k 34 (v) 
33 
If the other extreme case is then considered, thnt in which reaction (37) 
accounts for all the sulphonL racliczls, then we can say thzt:- 
= 0 	k 34 (CF 3)(S( 	- 	, 7 (CF ,S0 2) 2 
3)(s0 2) 
k 37 
Pitting:- 	RHFDMDS = k 37 (CF 3so2)2 =CO - 
V.e obtain:- 
- 	34 
RF (SO2.) k 
The rate expressions (V) and (W) differ only in that, as more sulphur 
dioxide is consumed in the formation of the disuiphone, the mean sulphur 
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dioxide concentration in expression (W) is slightly lower than that in expression 
(V). Apart from this, the distribution of products has no effect upon the rate 
expression. 
The results obtained in the temperature range 50.250 ° C were treated by 
means of expressions (V) and (w). The relevant data are shown In Table 27 
and the Arrheniva plots obtained from these expressions are shown In Figure 
17. Ayscough's value  of 13. 36 was taken as the leg of the rate constant 
for the combination of trifluoromethyl radicals, and the following values were 
obtained :- 
log k(V) (nolecm3.ec) 	(10.40 + 0.20) - (4.70 0.40) x 10 3/2.303RT 
log k(W) = (10.47 	0. 20) - (4. 77 0. 40) x 10 
3 
 12. 303RT 
The true Arrhenius parameters presumably lie in between those obtained 
using expressions (V) and (w), as both the suiphone and the disuiphone were 
formed, on the evidence of the large-scale runs. In any case, the difference 
between the two results is not large. and is less than the calculated 95% 
probability limit., which are quoted above. 
These values may be compared with the Arrhenius parameters obtained 
as described above for the corresponding methyl and ethyl radical reactions 
The activation energies in these cases were found to be 1.5 and 3. 1 kcal. mole' 
respectively. The higher activation energy of almost 5 kcal. mole ' which 
has been evaluated in the case of trifluorotnethyl radiczls may possibly be 
I'. 
related to the electron-withdrawing nature of the CF  group. This results In 
a slight positive charge on the carbon atom. Sulphur dioxide is known 173  to 
have a dipole moment of 1. 61 Debycs as a result of the non-linear arrangement 
of the three atoms, and the existence of a dative bond In the possible resonance 
structure 
WUIL e;-;,pect tae aulpin_ :uL ci 	 u bcjLa  
structures, and hence there is the possibility of electrostatic repulsion between 
the carbon and the sulphur atoms, which may have the effect of increasing the 
measured activation energy. 	The possibility of the addition of the CF  
radical to the slightly negative oxygen atom, with the consequent formation 
of trifluorornethyl triflu 	r -ietbaneuiphir 	be considered :- 
CF3 + E 	 -+ 	JCF3 
This Is thought to be unlikely. ab Lauxi; 	ao eviQence of a peak at rn-as- 
number $5, corresponding to the species CF 3O, in the mass spectro-
metric analysis of the reaction products. 
The possible pressure dependence of reaction (34) was investigated by 
performing a photolysis In the presence of about 30 mm. Hg of carbon 
dioxide. 	The result obtained is list.d in Table 27 and illustrated In Figure 
17, and it Is apparent that no pressure effect was observed. 	The possibility 
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of some sort of complex formation involving the sulphur dioxide and the he-
fluoroacstone was Investigated by mixing known amounts of the two compon-
ents. 	No change in total pressure was observed at room temperature after 
several hours, and it was concluded that complex formation did not occur to 
any significant extent in this system. 
TABLE 27 
The Addition Reaction between Trifluoromethyl Radicals and Sulphur Dioxide 
1031T itco RCF Run  R 1  (SO 2 )0 log(V) log  
444 2.857 4.947 3.814 1.133 0.609 0.9897 1.0008 
445 of  3,468 2.493 0.975 1.150 0.7357 0.7416 
446 01 2.683 1.602 1.081 1.636 0.7227 0.7278 
452 2.778 4.740 3.195 1.545 1.100 0.9038 0.9122 
453 U 3.616 1.971 1.645 1.777 0.8245 0.8300 
454 2,506 8.593 5.061 3.532 1.009 1.2063 1.2206 
455 II 7. 397 3.536 3.861 1.801.1 1.0569 1. 0742 
456 2.309 9.890 4.658 5.232 1.056 1.3773 1.3941 
457 U 9.214 3.769 5.445 1.585 1.2594 1.2711 
459 2.212 10.35 3.643 6.710 0.883 1.6201 1.6347 
459 to 9.810 3.630 6.180 1.543 1.3332 1.3441 
460 2.110 11.21 3.370 7.840 0.907 1.6959 1.7203 
461 of 10.31 Z. 800 7.510 1.252 1. 5705 1. 51569 
463 1.931 11.42 3.710 7.710 1.043 1.6042 1.6241 
466 to 10.59 5.210 5.380 0.343 1.8797 1.9266 
467 2.212 9.712 4.519 5.193 1.118 1.3520 1.3643 
468 2.590 7,396 5.333 2.065 0.744 1. 911 1.1025 
471 2.985 2.827 2.448 0.379 0,507 0. ,-, 616 0.6839 
472* 2.597 9.001 5.265 2.736 1.00( 913 1.1062 
12 
(Rates in 10 . mole. cm -3 	-1 • Sec 	; 
7 	 -3 concentration in 10 • mole. cm. 
1 
V and W in mole a cm  Sec 
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This run was performed in the presence of 31. 3 n-rn. hg of carbon dioxide) 
131a 
CONCLUSIONS. 
Table 28 compares the values obtained in this work for the addition 
reactions of sulphur dioxide with methyl, ethyl and trifluoromethyl rad.lcal6. 
The rate of formation of the species RSO2 at 25 ° C is calculated in ech case. 
These reaction rates are compared with the rates of other addition reactions 
unde: one by these radicals. Data for the addition rections involving oxygen, 
taken from this work and frorr the results of other workers, 	rbon monoxide 
and ethylene are included. 
Typical concentrations were taken as (R) = JO, (X) = 10 and 
(M)0 for the general reaction:- 
It can be seen that th rcactions involving carbon monoxide and ethylene 
are slower than all the reactions involving sulphur J.ioxide and oxygen, and in 
the case of the methyl and ethyl radicals the difference i beveral orders of 
magnitudes For methyl radicais, the third-body recjuirerrient of the reaction 
with oxygen means that the eddition reactions between methyl radicals and oxygen 
and between methyl radicals ind sulphur dioxide occur at comparable rates. 
This leads to the conclusion that, when sulphur dioxide-oxygen mixtures are 
reacted with liquid hydrocarbons in the suiphoxidatlon process, the formation of 
the radicl ISO 2 	 . 	 g should predominate, in view of the reater solubility of sulphur 
dioxide. 
In the case of ethyl radicals, however, there is z , slightly larger difference, 
of about two orders of magnitude, between the addition rates. This is primarily 
l3ib 
due to the fact that the reaction between ethyl radicals and oxygen does not have 
third-body requirement  under the experimental conditions employed. 
Free energy calculations 102 would seem to indicate that the equilibrium 
between alkyl radicals and alicylsuiphonyl radicals tends to move in favour of the 
free alkyl radical as the size of the alkyl radical is increased. We would thus 
:Xpeflse of 
e 	-ii which 
the hi gher hydrocarbons appear to undergo at 	 ide, even in 
the once o± oxygen, it would seem that the solubility of sulphur dioxide i 




Corrpariaon of Rites of Various Addition Reactions at 25 
0 
 C. 
R 	+ 	x 	(+)) (+M) 




CH 	S0 2 - 	 10.82 1.5 9,7 -11,3 work 
C 2 H 5 
	802 - 	 1110 3.1 8.6 -12.4 
CF 	502 - 	 10.40 4.7 6.9 -14.1 
CH 	02 Aso 	16.23* 0 16.23* -10.8 
Il 
C2}15 	02 - 	 10.7 0 10.7 -10.4 159 
CH 	CO - 	 8.6 3.9 5.7 -15.3 62 
CH 	C2U4 - 	 121 1 8.6 5.8 -1512 174 
C2H5 	C2H4 - 	 10.k. L:. 5.8 -1512 175 
Calculated using 
14 	
(M)10 6. (X)"10 7 , all in mole. cm- 3 
( It and i, in mole - 1 crn see 1 ; E in kcal. rnol.; R 	 in mole. RX 
cm 3ssc 1; 
-2 	6 	.1 
cm sec 
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Degree 	£OCtO!..°Y 9 .!0 .........................................................................D ate 	 196 .7. 
Reaction. of Free Radicals with bulpuur uioxide Title of Thesis................................................................... ................................................ 
The addition reactions between sulphur dioxide and methyl, ethyl 
and trifluoromethyl radicals were studied in a gas-line of conventional 
design. Product analysis was performed by mass spectrometry and gas 
chromatography. 
Methyl radicals were found to exist in an equilibrium with 
methylsuiphonyl radicals:- 
CH3 + Su, 	 3°2 
The equilibrium was found to nv Lu Le it as the temperature was 
raised. A similar equilibrium was found to exist between ethyl and 
etby1sulhonyl radicals, though the results obtained indicated that ethyl-
suiphonyl radicals were slightly less stable than the methyl analogues. 
No equ .L ..rium .vas found in the case of trifluoroznethylsulphon yl radicals, 
which appeared to be stable at temperatures of up to 250 °C. Lar 	scale 
experiments led to the identification of the suiphone and the dilphona 
among the products of this system. 
The addition reaction between methyl radicals and oxygen was also 
studied, and the third-order rate constant obtained was found to agree with 
the results obtained by other workers. Experiments performed on a 
ayEtem containing methyl radicals and a mixture of oxygen and eutphur 
dioxide, yielded a value for the relative rates of the two addition reactions. 
Using the value for the rate constant of addition to sulphur dioxide obtained 
in this work, a reasonable value for the rate constant of addition to oxygen 
was thus calculated 
Arrhenius/ 
Use oilier side if necessary. 
ccd for tkie 
Cl-I 3 + C) 	 )SO 	 10.82 	- 	150 
CH3SO 	
, 	
3 +S02 	 13.00 	- 	22.4 
) GH4 +CH2 SO2 9.08 	- 0 
CH 	+C}13SCI, 	— -- C 3 SO2CH3 10.48 0 
C
2 H 5
+ SO:, 	- 	) 11.00  
C 1-I SO. 	 ) 25 
.;:.. 	+S0 
2 
14.4 	- 19.9 
C 2 H 5 
 +G H + C 2H4S02 12.6 0 
C2H5+CH,SO, 	) 2H5SO2C 2H5 13.9 	- 0 
Cl3 + $02 C1 3502 10.4 	- 4.7 
CH  +0 2  + 	) CH02 + M (Direct) 16.06 - 
CH3 + 02 + M 	-) CHO2 + M 
- 	
16.48 
(log A in mole 1 cm3 sec - "; 	 E ink. cal. mole- I 
i 	 -2 	6 	-1 log . in mole cm sec 
rrhe.. 	r 	•rs were 
following reactions:- 
